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ABSTRACT
Daphnia are ecologically important organisms that have been well studied in the
context of evolution, ecology, ecotoxicity, and genomics. Daphnia have strong maternal
effects in which the environment experienced by the mother can alter offspring disease
resistance, life history traits, and morphology, as well as gene expression and methylation
for multiple generations. Coupled with their ability to reduce genetic differences via
parthenogenesis, Daphnia are an ideal system for epigenetic studies involving the
transmission of maternal effects. Using two clones of Daphnia pulex, we investigated the
plasticity of life history and DNA methyltransferase (Dnmt) gene expression with respect
to food limitation within- and across-generations. We then addressed how these same
traits would respond to methyltransferase gene knockdowns.
We found strong evidence of genotypic variation of responses of life history and
Dnmt expression to low food diets, both within- and across-generations. In general,
effects of offspring diet were larger than either the direct maternal effect or offspringmaternal environment interactions, but the direction of the maternal effect was usually in
the opposite direction of the within-generation effect. For both life history and Dnmt
expression, we also found that when offspring had low food, effects of the maternal
environment were stronger than when offspring had high food.
We used an RNAi inducing bacterial feeding regime to target DNA
methyltransferase genes in two Daphnia pulex clones. We found a strong genotypic
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effect between the clones that resulted in increased mortality, decreased or halted
reproduction, and morphological deformities. Offspring born into the environment were
similarly affected. Gene expression results show that the presence of dsRNA significantly
increases Dnmt expression of all three methyltransferase genes. RNAi treatments
targeting specific methyltransferase mRNA transcripts significantly reduced gene
expression of their target gene as well as reduced expression of the other two genes.
RNAi treated animals experienced premature ecdysis events and increased levels of
hemoglobin, but no significant differences were observed in morality or offspring
production between treatments. We propose that dsRNA and bacteria induced an innate
immune response, elevating methyltransferase expression levels. Loss or reduction of
Dnmt transcripts through RNAi treatments limited the Daphnia’s innate immunity
responses, triggering a generic stress response resulting in the molting and increased
hemoglobin production.
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CHAPTER 1
LITERATURE REVIEW: MATERNAL EFFECTS IN DAPHNIA

1.1 Introduction
Nongenetic inheritance has the potential to influence the rate and direction of
adaptation in populations experiencing environmental fluctuations (Jablonka and Lamb
1995, Day and Bonduriansky 2011). Empirical evidence highlights the effects of
nongenetic inheritance on a multitude of traits across taxa (reviewed in Bonduriansky et
al. 2012, Skinner and Nilsson 2021), that include the transmission of environmentally
induced phenotypic changes for several generations. Parental effects, more commonly
known as maternal effects due to a higher prevalence, are a form of transgenerational
plasticity that occurs when the phenotype or environmental conditions of a parent
determine, in part, the phenotype of her offspring (Wade 1998, reviewed in Ho and
Burggren 2010).
Proximate mechanisms of transmission (Day and Bonduriansky 2011) and
potential developmental stages (Wade 1998) in which maternal effects could occur have
been extensively detailed. Mechanisms can include the transmission of epigenetic
variation (DNA methylation patterns and chromatin remodeling factors), microRNAs,
gamete cell wall proteins, and egg and embryo deposits (parental glandular secretions,
nutrient composition, and hormones) (see Day and Bonduriansky 2011 and references
within). Each mechanism can be employed during offspring development, resulting in a
1

parental, or maternal effect, that alters the phenotypic trajectory of subsequent
generations.
Ideal systems for studying within- and across-generation plasticity, particularly in
the context of epigenetics, require three key characteristics. 1) Each generation must be
capable of responding to an environmental stimulus, resulting in an identifiable change
from the trait mean of the population. 2) Generation times should be short enough that
several generations can be produced within a reasonable time frame for investigations.
Generation times must also consider the frequency of the environmental fluctuations that
the organism originates from when addressing research questions. 3) Confounding effects
like genetic variation across generations must be minimized while maintaining genotypic
variation within a population, suggesting the use of asexually or parthenogenically
producing species capable of producing genetically identical clones each generation. For
these reasons, Daphnia are ideal candidates for studying plasticity within- and acrossgenerations.
Daphnia serve as a freshwater keystone species that have been well-studied in the
context of evolution, ecotoxicology, phenotypic plasticity, and genomics (Vandegehuchte
and Janssen 2011, Weider and Pijanowska 1993, Colbourne et al. 1997, Stollewerk
2010). Daphnia can be cultured under laboratory conditions, producing large populations
with a short generation time on the order of weeks. Assays characterizing life history and
development are well documented within a generation (eg. Glazier 1992, Gliwicz and
Guisande 1992, Agrawal et al. 1999) and across-generations (Garbutt and Little 2014,
Plaistow et al. 2015, Harney et al. 2017). The Daphnia system also allows researchers to
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partition variance seen in life history traits into genetic, maternal or grandmaternal, and
environmental components (Agrawal et al. 1999, Plaistow et al. 2015).
Most Daphnia species are cyclic parthenogens capable of producing both diploid
parthenogenetic and haploid sexual eggs in response to environmental cues, such as
photoperiod, temperature, food abundance, and crowding (Zaffagnini 1987, Harris et al.
2012). Both reproductive outcomes result in genetically identical offspring barring rare
events like mutation, conversion, or mitotic recombination (Omilian et al. 2006).
Furthermore, Daphnia genome contains a disproportionately high number of genes that
suppress recombination in both sexually and pathogenetically produced eggs (Hiruta et
al. 2010). Having reproductive strategies that result in genetically identical offspring is a
key asset when investigating transgenerational effects. The results in response to an
environmental cue within genotypes are unambiguously due to plasticity (Walsh et al.
2014) not genetic variation. Multigeneration studies using genetically identical
individuals can be carried out within a relatively short time scale compared to other
model systems.
Daphnia eggs are deposited into and develop within the brood chamber of a
female (Claus 1876). Eggs housed in the brood chamber have no feeding support or
intimate relationship with the mother as they develop, save temperature regulation via
phototaxis and vertical migration, and there is no relationship after the offspring is
released from the brood chamber. This suggests that Daphnia primarily use a prezygotic
stage (see Wade 1998) for biotically induced maternal effects via the process of
oogenesis where cytoplasmic enzymes, RNAs, and metabolic substrates are condensed
into an egg mass (Green 1956, Rossi 1980, Goulden et al. 1987). Embryos removed from
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the brood pouch are still capable of developing (Kotov and Boikova 1998) and can detect
environmental stimuli like infochemicals (Weiss et al. 2018), supporting the prezygotic
stage as the primary developmental stage of transmission.
Daphnia literature is brimming with maternal effect studies in response to many
different environmental stimuli. Maternal diet and age have been shown to alter disease
resistance (Garbutt and Little 2016, Clark et al. 2017) and life history traits (Garbutt and
Little 2016, Goos et al. 2018) in offspring for multiple generations. Exposure to predator
chemical cues can induce morphological defenses (Agrawal et al. 1999, Walsh et al.
2014, Walsh et al. 2015) and likewise alter life history traits and behavior for multiple
generations (Hales et al. 2017). Additionally, abiotic environmental stressors like salinity
(Jeremias et al. 2018), heavy metal (Vandegehuchte et al. 2009), and radiation (Trijau et
al. 2018) exposure have been shown to induce transgenerational epigenetic effects. In
most cases, the strength of the maternal effect is strongest and most pronounced in early
offspring development stages and gradually weakens over time (Brett 1993), particularly
when the offspring environment is matched to the maternal and is poor in quality.
Otherwise, maternal effects on fitness are at best transitory or unseen.
Daphnia studies have classically used life history traits, morphology, and egg
composition to detail how maternal environmental influences offspring development.
More recent studies have started to add protein modifications (Schwarzenberger and von
Elert 2013), differential gene expression (Rodriguez et al. 2012, Hales et al. 2017,), and
epigenetic modifications (Schield et al. 2016, Hearn et al. 2018) to see a more
mechanistic picture of how maternally derived information alters phenotypic outcomes in
offspring.
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This review synthesizes Daphnia literature regarding biotically induced maternal
effects by separating them into four parts: Diet, Toxic algae, Pathogen/Disease, and
Predation. Each section details how the maternal generation responds to the
environmental stimuli and the maternal effects seen in the offspring generation(s).
The goal of the review is threefold. We aim to emphasize the importance of
Daphnia as a model system for studying maternal effects by presenting how they
manifest through biotic stimuli. We argue for the need for future Daphnia research to
incorporate multiple genotypes in experimental designs to gain a more comprehensive
view of environmental effects on populations. Finally, we propose that the most likely
mechanism for the nongenetic inheritance seen in the Daphnia system is rooted in
epigenetic alterations and highlight how maternal effects integrate ecology and
epigenetics.

1.2 Diet: What quantity and quality can do for you.
1.2.1 Resource quantity (mgC/L; number of cells)
Daphnia can alter phenotypes both within- and across-generations in response to
ambient food availability. Daphnia life histories are well-known to respond to low
resource levels by decreasing body size, producing smaller clutches, reducing growth
rate, delaying maturation, and extending lifespan. Organism-scale functional systems also
respond to low resources. Feeding physiology changes to capture more particles, and
investment in sensory systems is reduced. Recently, researchers have started to
investigate resource responses at a molecular scale. For example, resource limitation
5

induces differential gene expression and alters methylation status of more than 100 genes
(Hearn et al. 2019) and upregulates epigenetic modifiers such as DNA methyltransferases
(Nguyen et al. 2020). Each of these differences occur in the generation that experiences
different resource levels.
The potential for maternal effects begins with maternal provisioning.
Manipulative experiments show positive correlations across resource levels between
maternal body size and clutch size, and between body size and offspring size, with all of
these traits increasing with resource level (e.g. Glaizer 1992, Mckee and Ebert 1996).,
Nonetheless, offspring size-number tradeoffs still produce a negative correlation between
offspring size and clutch size (Gabsi et al. 2014). However, there is a difference in the
quality, number, and size of the neonates produced from mothers exposed to abundant or
limited resource environments.
Maternal provisioning of eggs through energy and materials responds
dynamically to resource quantity. Eggs produced by Daphnia reared in low resource
environments have a greater volume and dry mass than eggs produced by Daphnia in
high resource environments. They are provisioned with higher carbon and nitrogen
(Boersma, 1997), as well as more protein and lipid (Guisande and Gliwicz, 1992). This
trend of producing larger, but fewer, well-provisioned eggs when faced with low food
availability has best been documented in D. magna (Glaizer, 1992, Boersma, 1992/1997,
Burns, 1995, Pieters and Liess, 2005, Mckee and Erbert, 1996, Gorbi et al. 2011, Gabsi et
al. 2014, Garbutt and Little, 2014, Coakley 2018, Hearn et al. 2018 ), but there is ample
evidence for other species including: D. pulicaria (Tessier and Consolatti, 1989, Gliwicz
and Guisande, 1992), D. pulex (Taylor 1985, Tessier and Consolatti, 1989, Li and Jiang,
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2014), D. hyalina (Gliwicz and Guisande, 1992), D. galeata, D. mendotate, and D.
parvula (Tessier and Consolatti, 1989). More recent data also indicates that Daphnia
provision eggs with microRNAs that match the maternal differential gene expression
pattern when reared in low resource environments (Hearn et al. 2018).
After eggs are produced and provisioned, maternal resource limitation continues
to influence embryogenesis by prolonging embryonic development. Guisande and
Gliwicz (1992) showed that embryonic development time of eggs increased when
mothers experienced low resources. Embryonic development may be an important
mediator of maternal effects, but not much attention has been given to the correlation
between the plasticity of embryogenesis and offspring life history. Results from Hasoon
and Plaistow (2020) show a consistent association between embryo development
phenotypes and offspring life history traits in D. pulex. Egg length and duration of
specific developmental stages were highly correlated with offspring size at birth, size at
maturity, and fecundity over three clutches. Furthermore, the durations of embryonic
developmental stages were better correlated, in some cases, with offspring traits than the
more commonly reported metric of egg size. Harney et al. (2017) showed that maternal
resource environment contributes significantly to phenotypic variation at all stages of
ontogeny, including during embryonic development. MicroRNA reprograming of
offspring during embryonic development is well documented in vertebrates (eg. Rodgers
et al. 2015). Daphnia eggs show differential miRNA expression when the maternal
generation experiences either food stress or increased age (Hearn et al. 2018). Both
studies indicate that embryonic development is plastic and responsive to maternal cues,
influencing, in part, the variation seen later in offspring life history.
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Offspring from Daphnia reared in low resources are, generally, significantly
larger at birth which correlates with increased starvation resistance, decreased age at first
maturation (Porter et al., 1983, Tillmann and Lampert, 1984) and increased fecundity
(Lampert, 1993). Offspring of mothers from low resource environments have lower
feeding rates with larger screen sizes (Garbutt and Little 2014), and lose carbon at
significantly lower rates during development. Neonates born into stressful, resource
limited environments perform significantly better if their mother experienced a similar
stress. However, the maternal environment impact on the offspring phenotype can act in a
species- or even clone-dependent manner (see Glazier, 1992, Guisande and Gliwicz,
1992, Gorbi et al. 2011). D. pulex in LaMontagne and McCauley (2001) did not respond
to low resources by altering the size of neonates, but rather displayed a type of
generational memory in which a mismatch between maternal and offspring environments
resulted in offspring switching to ephippial production. Tessier and Consolatti (1991)
observed that D. pulicaria’s response to low and high resource environments was similar
D. pulex clones used in their study, but the magnitude of the response significantly varied
between the two species.
The trend of producing larger offspring is also dependent on how limited the
resources are and what the quality of the resource is. Glazier (1997) proposed a model in
which the largest offspring would be produced under “intermediate” food levels, a
categorization that is dependent upon the food source used (quality). Boersma (1992)
confirmed that the quantity of food needed to induce the qualitative shift was dependent
upon the food source used and that largest neonate size produced was from levels
classified as “intermediate” by Glaizer (1992), Taylor (1985), and McKee and Ebert
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(1996). Most resource availability studies rely on either the carbon content (mgC/L) or
the number of cells used for feeding regimes. Resource quantity studies, especially
regarding maternal effects, become difficult to compare due to the different standards
used to assess what a low resource quantity is. This becomes compounded when
considering the quality of a particular food source. Feeding Daphnia copious amount of a
low quality resource can elicit a similar response as to a low resource diet, and vice versa.
In general, when an offspring consumes a low quality or poor-quality diet the diet
of the mother becomes paramount. The strength of the maternal effect is strongest and
most pronounced in early development stages and gradually weakens over time (Brett,
1993, Hearn et al. 2018). Conversely, when the offspring resource base is high and or
good quality, maternal effects on offspring fitness is at best transitory but often unseen.

1.2.2 Resource Quality (Nutrient and elemental compositions)
Dietary nutrition can be broken down into the elemental and biochemical
compositions of the algal species consumed by Daphnia (Becker and Boersma 2003, Ilic
et al. 2019), physical shape and size (DeMott, 1990 18-11 2179), and digestibility.
Resource quality studies focus on dietary carbon to nutrient ratios (C:P, C:N) (Sterner
and Elser 2002, Frost et al. 2010) as well as the fatty acid content of the phytoplankton
consumed. Carbon content is generally considered to be a part of resource quantity
(mgC/L) but the levels of elements like phosphorus and nitrogen within phytoplankton
have strong impacts on Daphnia fitness.

9

Diets with low elemental content, or relatively high carbon ratios, can be regarded
as low quality. Reproduction is likely a sink for phosphorus, offspring are found to have
higher phosphorus content than their mothers even when the maternal generation is
reared in high phosphorus environments (Frost et al. 2010). Daphnia reared in
phosphorus limited media have been shown to have a lower mass-specific phosphorus
content resulting in delayed maturation, smaller clutch sizes, and increased mortality
(DeMott et al. 1998, Boersma and Kreutzer 2002, Sterner and Elser 2002, Frost et al.
2010). Phosphorus limitation also results in Daphnia mothers increasing phosphorus and
sterol provisioning in offspring relative to mothers reared in high-P media (Boersma and
Kreutzer, 2002, DeMott et al. 1998).
Maternal phosphorus stress is well documented to result in offspring with a
reduced mass and phosphorus content (DeMott et al. 1998, Urabe and Sterner 2001) as
well as a smaller body size (Frost et al. 2010). Frost et al. (2010) increased the C:P ratio
to achieve a phosphorus stress and observed that maternal phosphorus stress was
transferred to offspring ultimately reducing juvenile specific growth rate, delaying
maturation, and potentially increasing infection susceptibility to Pasteuria ramosa. The
effects of maternal diet were observed to be strongest when the daughters’ resource
quality was also phosphorus limited. When offspring from high C:P reared mothers were
grown in phosphorus-rich media, low C:P ratios, the negative effects of maternal P stress
on juvenile specific growth rate and reproduction were virtually erased. These results
show a transgenerational transfer of stress induced by the quality of maternal diet but the
strength of the stress varies depending on the quality of the offspring’s diet.
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1.2.3 Biochemical Diet: Sterols
Daphnia require external inputs of both highly- and poly-unsaturated fatty acids
(HUFA and PUFA, respectively, Stoecker and Capuzzo, 1990). Daphnia are incapable of
synthesizing poly-unsaturated fatty acids de novo (Stanley-Samuelson et al. 1987,
Leonard et al. 2004) but there is evidence that some Daphnia are capable of PUFA
bioconversion (Weers et al. 1997, Kainz et al 2004, Schlechtriem et al. 2006, Burns et al.
2011). Studies investigating the deficiency of HUFAs and PUFAs have shown a wide
range of results including the malfunctioning of membranes and enzymatic systems that
directly result in the reduced growth and decreased fecundity (Stoecker and Capuzzo,
1990, Sperfeld and Wacker, 2015, Ilic et al. 2019), disease susceptibility (Schlotz et al.,
2013), starvation resistance (Becker and Boersma, 2007), and changes in phototaxis
behavior (Michels et al. 1998).
Data clearly show that the fatty acid composition of Daphnia is quantitatively
similar to their diets (Muller-Navarra 2006, Wacker and Martin-Creuzburg 2007,
Sperfeld and Wacker 2012, Scholtz et al. 2013), and that Daphnia mothers are capable of
regulating the amount and type of sterol allocated to eggs (Wacker and Martin-Creuzburg
2007, Sperfeld and Wacker 2015). Sperfed and Wacker (2015) show that egg and
offspring PUFA profiles are quantitatively similar to the fatty acid composition of the
maternal diet though maternal allocation of fatty acids into egg and offspring tissue
increases when maternal diet consists of low-quality diets, meaning that the food source
is relatively low in PUFAs. However, there are inconsistencies in the literature as to the
importance of specific fatty acids and the effects they have on Daphnia spp. (von Elert
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2002, Martin-Creuzburg et al. 2010, Ravet et al. 2012, Schlotz et al. 2014, Ilic et al.
2019).
Maternal effects induced by sterol provision impact several fitness parameters that
include juvenile somatic growth rate, infection resistance, total reproductive output, and
starvation resistance. Juvenile somatic growth rate of Daphnia is commonly accepted as a
proxy for fitness (Lampert and Trubetskova 1996), and there is strong evidence that egg
PUFA content correlates with juvenile somatic growth rate, particularly eicosapentaenoic
(Muller-Navarra 1995) and alpha-linolenic acid (Wacker and von Elert 2001, Sperfeld
and Wacker 2015, Ilic et al. 2019). Both acids are substrates for eicosanoids, a family of
hormone-like substances, that act on reproduction, ion transport physiology, and the
immune system (Stanley 2000). Schlotz et al. (2013) found that diets rich in PUFAs
resulted in increased infection resistance for the maternal generation but a 6-fold increase
in infection for offspring. Interestingly, Pasteuria ramosa spore counts did not scale with
the increased infection rate of the offspring, suggesting that the maternal provisioning of
PUFAs were in a form not accessible to the parasite. Schlotz et al. (2013) also found that
maternal diets rich in PUFAs resulted in offspring producing the same number of
offspring as their mothers over a period of 30 days despite never having consumed a
PUFA rich diet. Finally, data from Becker and Boersma (2007) show that offspring from
mothers that were provisioned with high levels of PUFAs were more resistant to
starvation and had a positive growth rate when subjected to a low resource environment.
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1.2.4 Elemental Diet: Biotic-lite, Calcium
Until now, we have focused on diet-induced maternal effects in Daphnia that are
biotic in nature. Not all resources are acquired through the diet, however. Cowgill et al.
(1986) showed that calcium (Ca) was primarily acquired through the uptake of readily
available, dissolved sources from the environment and not derived from dietary intake.
Calcium plays a key role in the Daphnia life cycle, and there is evidence that Ca mediates
maternal effects through provisioning.
Each time Daphnia molt they lose approximately 90% of the body Ca (Alstad et
al. 1999). This loss requires Daphnia to actively take up large amounts of Ca from the
environment. Daphnia lack a method for storing Ca for a prolonged period (Porcella et al.
1969a, reviewed in Cairns and Yan 2009) and have limited ability to extend the duration
of the calcification process that begins shortly before ecdysis (Porcella et al. 1969b, Tan
and Wang 2009). Specific Ca requirements differ based on developmental stage (Porcella
et al. 1969a, Hessen et al. 2000) and vary in consequence based on when the Ca
limitation is experienced. Osmoregulatory organs that transfer Ca develop after embryos
hatch from the vitelline membrane before embryos are released from the brood chamber
(Charmantier and Charmantier-Daures 2001). Generally, Ca-limited female Daphnia are
smaller in size and delay maturation (Cairns and Yan 2009, references within), but
increase the number of offspring produced relative to Daphnia reared in high Ca
(Giardini et al. 2015). Juvenile Daphnia and other cladocera require higher amounts of
Ca per body mass (Porcella et al. 1969a, Cairns and Yan 2009, Tan and Wang 2009)
relative to their adult counterparts and take up the mineral 2.1-4.4 times faster (Tan and
Wang 2009).
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Giardini, et al (2015) traced radiolabeled calcium from mothers to offspring,
suggesting that Daphnia are capable of actively regulating the provisioning of calcium to
embryos. However, maternal provisions seem to be depleted before osmoregulatory
organs have fully formed (Giardini et al. 2015). No evidence of radiolabeled-Ca uptake
within the first 48-hours of development was found, and embryos extracted from mothers
and placed in zero-calcium environments experienced a significant increase in mortality.
Furthermore, calcium concentration in the maternal environment influenced embryonic
development rate. Embryos from mothers reared in a low-calcium environment
completed embryogenesis five hours earlier than embryos from mothers reared in a highcalcium environment -- without incurring physical abnormalities.
Significant differences were not only observed between high and low calcium
environments but also across generations. Giardini et al. (2015) reported that the primary
response of D. magna females reared in high calcium was to increase body size but
decrease the number of offspring produced in the first generation. In the second
generation, effects on body size were diminished slightly. The number of offspring
produced relative to the first generation increased in high Ca, but decreased in low Ca,
leading to no difference between the Ca environments in the number of offspring
produced by the second generation.

14

1.3 Toxic algae: When food fights back
1.3.1 Secondary metabolites and poor elemental quality
Cyanobacteria contain minimal eicosapentaenoic acid (EPA) (Muller-Navarra et
al. 2000, Martin-Creuzburg et al. 2008) or sterol (von Elert and Franck, 1999, MartinCreuzburg et al. 2008), and they produce a suite of toxic secondary metabolites (Sivonen
and Jones, 1999, Porter and McDonough 1984, Lampert 1987). Studies have used both
laboratory (eg. Lampert 1981, 1987, DeMott et al. 1991, Reinikainen et al. 1994, 1995,
Ortiz-Rodriguez et al. 2012) and field (eg. Haney 1987, Sarnelle 1993) experiments to
investigate the effects of toxic cyanobacteria on Daphnia. Most commonly, research
focuses on Microcystis aeruginosa and the hepatotoxin microcystin, though there are
additional bioactive inhibitory compounds (Jakobi et al. 1996, Agrawal et al. 2001,
Rohrlack et al. 2005).
Daphnia exposed to Microcystis experience a developmental disruption that
prevents them from shedding their carapace despite having formed a new one (Rohrlack
et al. 2004, 2005). The structural deformity impedes both swimming and filtration via a
reduction in the beat rates of thoracic limbs, mandible, and second antennae resulting in
increased mortality. Microcystin exposure leads to a reduction in survival, body size, and
number of offspring produced (eg. Arnold 1971, Glazier 1992, Reinkainen et al.
1994,1995, Rohrlack et al. 1999, Trubetskova and Haney, 2000, Lurling 2003,
Schwarzenberger et al. 2010, Schwarzenberger and von Elert, 2013) through inhabiting
two digestive enzymes (von Elert et al. 2012). Gene expression studies confirmed that
digestive protease genes and new isoforms are differentially expressed (Schwarzenberger
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et al. 2010), as well as pathways associated with protein synthesis, oxidative
phosphorylation, trypsin production, and mitochondrial-associated genes (Asselman et al.
2012), following exposure to microcystin.
Dietary shifts can allow for recovery from toxin-induced effects (Brett 1993)
following the removal of Microcystis. Intriguingly, Daphnia that are continuously
exposed to Microcystis increase their clutch size over time (fourth clutch significantly
larger than the first three) indicating an inducible defense that allows for toxin tolerance
(Gustafsson et al. 2005). This tolerance is achieved within a generation via the
remodeling of a digestive chymotrypsin (von Elert et al. 2012) and increased expression
of trypsin (Schwarzenberger and von Elert, 2012).
Maternal effects induced by exposure to Microcystis were strongest when the
exposure continued into the offspring generation (Gustafsson et al. 2005, Ortiz-Rodriguez
et al. 2012, Schwarzenberger and von Elert, 2013). Even though Microcystis reduces
fecundity in the maternal generation, Gustafsson et al. (2005) showed that offspring of
exposed mothers inherit some form of protection that allows them to have 45% higher
fecundity in a Microcystis environment than the unprotected offspring of unexposed
mothers. This resulted in a 28% higher intrinsic rate of population increase (r)
(Gustafsson et al. 2005). Age at maturation was delayed by 1.5 days in offspring from
unexposed mothers. The release of each brood from the offspring generation was delayed
by 2.5 days, with significantly fewer neonates per clutch (Gustafsson et al. 2005). In a
separate experiment, the authors confirmed that short-term exposure had no effect on life
history. This shows that the toxin tolerance generated within-generation is passed from
mother to offspring. The effect was lost after one generation.
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D. magna offspring from Microcystis-exposed mothers have a higher survival rate
when they themselves are also exposed to Microcystis. This is due to more efficient
oxidative protection (Ortiz-Rodriguez et al 2012), increased transcription of glutathione S
transferase (GST) and malate dehydrogenase (MD) (Ortiz-Rodriguez et al. 2012), and the
ability to recover once the toxins are removed (Baird et al. 1991, Brett, 1993, Zhu et al.
2015). The increased expression of GST and MD seen in the offspring generation was
directly corelated with the duration of time the mother was exposed (Ortiz-Rodriguez et
al., 2012). Seven-day maternal exposure to Microcystis elicited increased catalase activity
in offspring that correlated with increased survival compared to offspring from
unexposed mothers. Higher levels of trypsin were detected in neonates from exposed
mothers, even when mothers were exposed to non-toxic strains of Microcystis
(Schwarzenberger and von Elert, 2013). Collectively, these experiments suggest that
offspring are provisioned with maternally derived transcription factors, like the
provisioning of phosphorus, PUFA/sterols, and calcium.
Maternal effects of microcystin are not uniform across species or clones. D.
pulicaria exposed to non-toxic cyanobacteria showed clear shifts in life-history and
reduced fitness but no significant maternal effects on average (Gills and Walsh, 2019).
However, the authors argued that genetic variation among the forty-five clones in their
study could have obscured any maternal effects, for example if effects varied
qualitatively among clones. Jiang et al. (2013) assayed three clones of D. carinata in
which only one clone showed a maternal effect of Microcystis. Both D. magna and D.
carinata have similar population growth rates, but D. magna accelerates life history in
offspring of mothers exposed to Microcystis (Gustafsson et al. 2005), while in D.
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carinata offspring lifespans are extended (Jiang et al. 2013). Interestingly, the ability of
offspring to switch to a more toxin-tolerant form of chymotrypsin is even seen in species
that do not co-exist with cyanobacteria (von Elert et al. 2012) suggesting a universal
response within all Daphnia spp.

1.4 Infection: Worst roommate ever
Daphnia have been widely used as a coevolutionary model of host-pathogen
interactions (Green 1974, Anderson and May 1979, Erbet 2005, Johnson et al. 2006,
Tellenbach et al. 2007, Duffy et al. 2008, Forshay et al. 2008, Rodrigues et al. 2008,
Johnson et al. 2009, Auld et al. 2012, Lu et al. 2018, Merrick and Searle 2018). Literature
on this host-pathogen model includes several diverse pathogens with the greatest
concentration of studies focusing on clones of D. magna and the spore forming bacterial
parasite, Pasteuria ramosa.
Infection via P. ramosa can lead to the castration of the host followed by the
germination and development of ‘transmission’ spores within the body cavity resulting in
parasite-induced giantism (Ebert et al. 1996, Ebert et al. 2004). Transmission of the
pathogen is achieved after spores released by dead Daphnia are picked up by new hosts
filter feeding in a contaminated area (Ebert et al. 1996), a strictly horizontal transmission
regime that is a function of an individual’s rate of contact with other potential hosts.
Stages of infection involve the halting of egg production, increased body size (giantism),
and discoloration with increased bacterial growth in hemolymph. It is generally accepted
that transmission potentials peak when population densities increase, usually seen in
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warmer summer months for Daphnia populations (Anderson & May 1979, Ebert &
Mangin 1997, Choo et al. 2003).
Susceptibility to P. ramosa infection has been shown to decrease with increasing
body size (Garbutt et al. 2014a, Izhar & Ben-Ami 2015, Izhar et al. 2015), diets high in
polyunsaturated fatty acids (PUFAs) (Schlotz et al. 2013), and through immune priming
(Little et al. 2003, McTaggart et al. 2012, Garbutt et al. 2014b). Daphnia only possess an
innate immune system but can produce a robust, within-generation response to pathogen
exposure resulting in increased host protection (Little et al. 2003, McTaggart et al. 2012).
Primary exposure to P. ramosa triggers a phenotypic response, immune priming, which
acts as a prophylactic upon secondary exposure to the pathogen lasting for at least seven
days (Garbutt et al. 2014b).
Immune priming can also occur across-generations, demonstrating a strong
maternal effect (Little et al. 2003). Offspring from immune primed Daphnia have lower
infection rates, decreased maturation time, and higher fecundity when exposed to the
same pathogen strain as their mother (Little et al. 2003). Additionally, maternal effects
that result in the production of larger, more well-provisioned offspring show increased
resistance to infection and lower spore counts when infected (Mitchell and Read 2005,
Ben-Ami et al. 2010, Stjermman and Little 2011, Garbutt and Little, 2016, Clark et al.
2017). The change in body size of the offspring generation can be triggered from the
quantity of resources available to the maternal generation (Mitchell and Read 2005, BenAmi et al. 2010, Stjermman and Little 2011, Garbutt and Little, 2016, Clark et al. 2017),
quality of maternal resources (Scholtz et al. 2013), crowding (Mitchell and Read, 2005),
and the temperature of the water (Garbutt and Little, 2016).
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1.5 Predation: Body armor, parental plans, and a whole lot of gene expression
Daphnia are exceptionally great candidates for phenotypic plasticity studies
involving chemical communication between predators and their prey. Upon detection of
chemical cues released by predators, kairomones, Daphnia can alter their life history
traits as well as develop, and subsequently lose, exaggerated, showy morphological
features (Krueger and Dodson 1981, Havel and Dodson 1984, Tollrian 1995, Walls et al.
1997, Agrawal et al. 1999, Dzialowski et at. 2003, Imai et al. 2009). There is also
evidence for strong maternal effects in response to both vertebrate and invertebrate
predation capable of lasting for at least two generations (Agrawal et al. 1999, Walsh et al.
2015).
Predation by Chaoborus, Notonecta, and planktivorous fish are well documented
(Tollrian 1995, reviewed and meta-analysis Riessen 1999, Weiss et al. 2012, Barbosa et
al 2014) and show clear differences in how Daphnia respond to different predators.
Exposure to invertebrate predators like Chaoborus signals Daphnia to increase body size,
which results in delaying maturation and reproducing at a larger size (Tollrian 1995,
Walls et al. 1997, Imai et al. 2009). Vitellogenin gene expression, the major yolk protein
precursor, (Zaffagnini 1987, Kato et al. 2004) is increased (Rozenberg et al. 2015),
presumably leading to the increase in offspring size following maternal exposure to
Chaoborus (Tollrain 1995). Conversely, vertebrate and Notonecta predation exposure
typically results in earlier maturation with a smaller body size, increased clutch size
(Grant and Bayly 1981, Hebert ad Grewe 1985, Dodson 1988a, Tollrian 1994), and the
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adoption of vertical migration patterns (Dodson 1988b, De Meester 1993). There is
convincing evidence that the effects induced by predation on body size are dependent on
what instar the kairomone is detected rather than just being present in the water (Imai et
al. 2009, Mikulski and Pijanowska 2010, Miyakawa et al. 2010).
Maternal exposure to kairomones from Chaoborus determines the size and
number of embryos produced in future generations but does not induce neckteeth
formation in D. pulex (Imai et al. 2009). Offspring from mothers exposed to Chaoborus
kairomones produce fewer but larger eggs after delaying maturation (Tollrain 1995).
Direct exposure during embryonic development in D. pulex results in neonates with
strong polyphenisms compared to neonates that rely on maternal exposure only. This
suggests that embryonic exposure is the only time induction of morphs occurs, or at least
the strongest form of the morph (Dzialowski et al. 2003, Imai et al. 2009). However,
there are other clones that are known to produce defensive morphs even in the absence of
kairomones (Tollrian 1995).
Maternal exposure to kairomones from fish or Notonecta predation shape life
history traits in offspring by decreasing offspring size at maturation and the duration of
egg holding time in the brood chamber, while increasing offspring clutch sizes (Stibor
and Lampert, 2000, Mikuslski and Pijanowska, 2010, 2017, Walsh et al. 2015,2016)
compared to offspring from naïve mothers. The strength of the maternal effect increases
when the mother is exposed to kairomones in her fourth post-embryonic instar and
mothers who show the greatest change in their own phenotype also have the strongest
influence on offspring phenotypes (Mikulski and Pijanowska, 2010), an observation that
contrasts with results from studies using D. ambigua, detailed below.
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Timing of the exposure and the difference between maternal vs embryonic
perception of the threat can determine the phenotypic outcome for several generations.
Kairomones induce a complex suite of traits that include the neuronal and endocrine
pathways as well as the expression of morphogenetic factors (Barry, 2002, Miyakawa et
al. 2010, Weiss et al. 2012, Weiss et al. 2015, reviewed in Weiss 2019) and vitellogenin
genes (Rozenberg et al. 2015). Embryos experience a kairomone-sensitive period that
starts at the third embryonic stage (Miyakawa et al. 2010) that persists through the third
post-natal instar (Imai et al. 2009) though Miyakawa et al. (2010) reports kairomone
reception up to the seventh post-natal instar. Experiments attempting to parse maternal
effects from direct embryonic exposure carefully control for this by removing the mother
from media containing kairomones once vitellogenesis (darkening of ovaries) occurs and
preventing embryonic detection of the kairomone.

1.5.1 Daphnia ambigua: The little clone that defies theory
An intriguing finding to come out of Daphnia predator studies is the clonespecific, negative correlation between within- and across-generation plasticity (Walsh et
al. 2015, 2016). A large-scale analysis of the effects of genotype on plasticity revealed a
negative trend in which D. ambigua clones either showed strong within-generation
plasticity, where females modified their own morphology and or life history traits, or
strong across-generation plasticity (maternal effect) that altered offspring phenotype.
The across-generation (maternal) effect lasted for two generations post-removal
of the predator cue and was similar in magnitude to that when Daphnia were exposed to

22

injured conspecifics. Theory predicted that if conditions remained similar, or were
predictable across generations, that there would be increased plasticity both within- and
across generations (eg. Herrera and Bazaga, 2010). Maternal effects in this context
should be altering offspring in the same direction and increasing in magnitude at the same
rate as the as within-generation plasticity, but that was not observed. D. ambigua clones
that lived under constant fish predation (Aloas pseudoharengus) mature earlier when
exposed to the kairomone but program their offspring to delay maturation through adding
extra instars to their development and decreasing average clutch size. In contrast, clones
from lakes in which fish predation was either nonexistent or temporary delayed
maturation in the maternal generation but programmed offspring to mature earlier with a
faster development rate resulting in a higher intrinsic rate of population increase, r.
Gene expression analysis of one D. ambigua clone known to exhibit strong
across- but weak with-in generation plasticity, revealed upregulation of many sets of
genes that are linked with phenotypic responses corelated to fish predation (Hales et al.
2017 and references within). Initial exposure saw differential expression of ~50 genes
related to reproductive efforts in the maternal generation while the offspring and grand
offspring increased the number of differentially expressed genes, 223 and 170
respectively, with 121 genes overlapping. Most differentially expressed genes were
related to components of the exoskeleton or ribosome activity.
Given that no predator cue was used after maternal exposure, Hales et al. (2017)
argue that the decay of differentially expressed genes from the daughter to granddaughter
generation suggests a potential form of epigenetic programming. In fact, shifts in DNA
methylation for 2002 genes were previously observed using the same D. ambigua clone
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between offspring and grand offspring following exposure to fish kairomones (Schield et
al. 2016). Considering the mounting evidence, Daphnia that employ a strong
transgenerational plasticity approach to predation plausibly use epigenetic mechanisms to
program instructions for their offspring to alter phenotypic traits.

1.6 Discussion
1.6.1 Synthetic conclusions
There is ample evidence that Daphnia species can respond within a generation to
a variety of environmental stimuli in a manner that can be considered adaptive for some
genotypes. Changes in life history that prioritize the production of offspring larger in
size, packaged with altered nutritional and epigenetic coding content suggest that acrossgeneration maternal effects are adaptive as well, but there are notable exceptions and
limited data from multiple genotypes of singular species to make a sound conclusion.
Synthesizing the information from the multitude of studies reported here, the following
conclusions about maternal effects can be drawn:
1. Many, but not all, maternal effects involve increases in offspring size. Aside
from fish and Notonecta predation, offspring size is increased resulting in
individuals that are more resistant to starvation, infection, invertebrate
predation, and microcystin.
2. Maternal effects manifest more strongly when the offspring’s own
environment is poor, particularly regarding dietary maternal effects including
toxic algae.
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3. Strong maternal responses are associated with strong offspring responses,
except in D. ambigua and fish predation.
4. The timing of the maternal stress matters and can impact the magnitude of the
effect on the offspring’s phenotype.
5. Embryonic exposure effects can be mistaken for maternal effects and must be
taken into consideration when designing an experiment. Distinguishing
between the two matters during late embryonic development when active
transport and chemical sensory mechanisms have developed (calcium uptake
and kairomone reception).

1.6.2 Potential avenues of future research
Many maternal effects detailed in this review appear to be mediated in part
through effects on offspring size (mass). Changes in offspring size at birth affect age and
size at maturation, clutch size, disease susceptibility, predator-induced morphologies and
so on. What is lacking is understanding what proportion of maternal effects is driven by
offspring size. To address this, experiments need to measure size and other offspring
characteristics, with statistical analyses that separate offspring size as a covariate. Almost
all Daphnia studies focus exclusively on first generation daughters, with good reason.
However, studies addressing maternal effects on the granddaughter, second generation
sex ratio/investment, or maternal effects on male phenotypes are also needed particularly
to understand the impact maternal effects have on Daphnia hatched from sexually
produced ephippia. Few studies investigating maternal effects use more than 2 genotypes
for a single species. Questions addressing to what extent the genetic variation for
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maternal effects is within populations, among populations, and among species are largely
left unanswered. Likewise, questions investigating how genetic variation among
populations or species is linked to scales and patterns of environmental variation cannot
be answered without accounting for natural levels of genetic variation.
In natural populations, maternal and embryonic exposures will always co-occur.
Carefully distinguishing between their effects has not been necessary for understanding
consequences of maternal effects in natural populations, however, understanding
mechanisms of maternal effects does depend on separating these. The question becomes,
do different maternal effects occur through shared physiological and molecular
mechanisms? For instance, responses to infochemicals released by Daphnia in high
densities resemble those of ambient food limitation (Boersma et al. 1999), even when the
media used is enriched with algae to compensate for consumption by intraspecific
competitors (eg. Seitz, 1984). This suggests that the mechanism behind the phenotypic
changes induced by crowding differs from that of low resource availability and may
therefore have its own maternal effects.
Experiments designed to decouple maternal and embryonic environments with
increased emphasis on the natural interactions between environmental stressors are also
warranted. Predation studies must remove the mother from media containing kairomones
once the process of vitellogenesis occurs to avoid embryonic detection of the kairomones
but should also consider confounding effects induced by resource level, resource quality,
and toxic algae (eg. Tollrian 1995, Walls et al. 1997) that follow seasonal trends.
Infection studies likewise should consider natural predation events due to both increased
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infection from sloppy predation (Strauss et al. 2016) and the effect of bacterial
degradation of kairomones in the water column (Beklioglu et al. 2006).

1.6.3 Epigenetics: A potential mechanism for Maternal Effects
Empirical and theoretical (Gorelick 2005, Jablonka and Lamb 2006, Wolf et al.
1998, P’al 1998, P’al and Miklos 1999, Mousseau and Fox 1998) evidence continues to
arise for nongenetic forms of inheritance though they are mostly accepted within plant
and microbial communities. Chromatin remolding through acetylation and methylation
have been hypothesized to be the primary mechanisms in plants (Johannes et al. 2008,
2009, Reinders et al. 2009). Animal taxa employ barriers like early ontology isolation of
the germline (Jablonka and Lamb 1995) and successive epigenetic reprogramming
sweeps (Heard and Martienssen 2014) that prevent or remove epigenetic marks. Despite
this, the stability of epigenetic modifications through cell divisions has been established
in the literature and evidence continues to show that epigenetic modifications can be
successfully transferred across generations, including those induced via environmental
cues (Richards 2006).
Investigations into the Daphnia epigenome have shown interesting results in
relation to known environmental cues that induce maternal effects. Evidence of both
epigenetic machinery and the ability to modify and transmit stable epigenetic alterations
has been documented in Daphnia (Vandegenhuchte et al. 2009, Jeremias et al. 2018,
Trijau et al. 2018, Nguyen et al. 2020) and reviewed in Wojewodzic and Beaton (2017).
D. magna undergo methylation alterations in response zinc and salt stress
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(Vandegehuchte et al. 2009, Jeremias et al. 2018) that results in maternally derived
genomic hypomethylation linked with changes in gene transcription in offspring
(Vandegehuchte et al. 2009). Resource limitation likewise alters methylation across the
genome (Hearn et al. 2019, 2021), though clonal variation is evident. Results from
Nguyen et al. (2020) show that DNA methyltransferase expression is upregulated under
low food conditions and during several embryonic stages of development. Diets rich in
vitamin B12 result in increased reproductive performance (Keatin 1985) linked with
global hypermethylation of Daphnia genome (Kusari et al. 2017) that are capable of
being transmitted across generations.
Work by Asselman et al. (2015) revealed very low global methylation percentages
that respond dynamically when exposed to predator kairomones, resulting a fivefold
difference across genotypes, and exposure to a toxic cyanobacterium resulted in
differential gene body methylation (Asselman et al. 2017). Predator exposure induced a
clear shift in methylation of more than 2000 genes between two generations in D.
ambigua (Schield et al. 2016) that coincided with a reprogramming of life history traits
for future generations. Neurosignaling pathways used by Daphnia to induce
morphological defenses and alter life history traits in response to kairomones (Weiss et
al. 2012, 2015, 2018,) are documented to be under various levels of epigenetic control in
vertebrates (Shrestha and Offer, 2016 and the references within, Bekdash 2019, and
references within), further supporting the notion that Daphnia use epigenetic machinery
to respond to environmental stimuli.
Epigenetics is a growing field that continuously provides new insight into how
organisms across all taxa respond to external stimuli. Within the context of maternal
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effects in the Daphnia system, it is important to include epigenetic mechanisms as a
potential modulator for the transgenerational transfer of physiological traits. At the very
least, potential epigenetic variation should be acknowledged and controlled for in future
studies. It is also important to be able to distinguish how different genotypes use the same
mechanisms to yield different results to an environmental stimulus. Detailing how
Daphnia employ epigenetic machinery to respond within a generation and subsequently
across generations can potentially lead to more complete understanding how maternal
effects work in other systems, without the confounding effects of genetic variation in
other taxa.
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CHAPTER 2
THE MATERNAL EFFECTS OF DIETARY RESTRICTION ON DNMT
EXPRESSION AND REPRODUCTION IN TWO CLONES OF DAPHNIA
PULEX
2.1 Introduction

A century ago, researchers working on the pulmonate snail, Limnaea peregra,
observed that the coil pattern of offspring shells was identical to that of the mother
regardless of the offspring genotype (Boycott & Driver 1923, Sturtevant 1923). This was
early evidence that mothers affect embryonic and post-embryonic development, a
phenomenon scientists have documented extensively since (Mousseau and Fox 1998,
Wolf and Wade 2009). Subsequent investigations confirm that maternal effects influence
cellular organization and determination of the body axis in early development (NussleinVolhard et al. 1987, Bernardo 1996), and are vital for the initiation and maturation of
organ systems in later development (Ho and Burggren 2010, Champagne 2012). In
animals, mothers can alter phenotypes of their offspring by modifying egg components
and composition (Mousseau and Fox 1998, Groothuis and Schwabl 2008, Ho 2008,
Dzialowski et al. 2009), through the gestational environment (Chan et al. 2009, Mastorci
et al. 2009), or postnatally via maternal resources and behavior (Cameron et al. 2008).
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Interest in how information about the maternal environment can be transmitted
across generations and ultimately alter offspring phenotypes has led researchers to
investigate a collection of mechanisms rooted in epigenetics. Broadly defined,
epigenetics includes any heritable changes in gene expression and function that cannot be
explained by changes in DNA sequences (Richards 2006, Bird 2007). Altering gene
expression and function can be achieved through reasonably well-defined molecular
processes that activate, reduce, or shut off activity of specific genes. Evidence continues
to mount that transmission of epigenetic modifications can be stable across generations,
including those induced via environmental cues (Chong and Whitelaw 2004, Richards
2006).
Most epigenetic studies focus on three mechanisms. DNA methylation and
histone modification remodel chromatin, while the other is a small-RNA-mediated
regulatory process (Berger 2007, Gibney and Nolan 2010). Maternal diet can modify
chromatin structure, change histone modification patterns, and increase recruitment of
transcription factors during embryonic development (Aagaard-Tillery et al. 2008) and
alter epigenome regulation by modulating histone deacetylases (Suter et al. 2012).
Regardless of the mechanism studied, genetic recombination presents a potential
confounding effect that complicate studies of maternal environmental effects. Study
systems that involve asexual reproduction remove that complication.
Current literature linking molecular mechanisms of epigenetics with ecology are
limited. Lamka et al. (2022) found that out of 206 studies connecting ecology to
epigenetics, chordates and angiosperms accounted for 38% and 41% of all species
studied with a heavy bias toward model systems. Most areas of investigation were limited
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to within-generation studies and responses to environmental changes (Lamka et al. 2022).
Few studies assayed transgenerational effects, whether paternal or maternal in origin.
Nearly all of the studies incorporated differential methylation, but none addressed the
molecular mechanisms governing methylation. Here, we aim to investigate molecular
epigenetic mechanisms themselves in the context of ecologically relevant maternal
effects using the model system Daphnia.
Daphnia are ecologically important freshwater microcrustaceans that have been
well-studied in the context of ecology, evolution, and genomics (Colbourne et al. 1997,
Stollewerk 2010). Daphnia are cyclic parthenogens, producing diploid parthenogenetic
or haploid sexual eggs in response to environmental cues such as photoperiod,
temperature, food abundance, and crowding (Zaffagnini 1987, Klevien et al. 1992). This
makes Daphnia ideal candidates for studying environmentally induced, transgenerational
epigenetic effects because variation within clones is unambiguously due to plasticity
(Walsh et al. 2014).
Daphnia have strong maternal effects in which diet and age can alter disease
resistance and life history traits (Clark et al. 2017; Garbutt and Little 2017, Goos et al.
2018) for multiple generations. Exposure to predator cues can induce morphological
defenses in future generations (Agrawal et al. 1999; Walsh et al. 2014; Walsh et al. 2015)
and likewise alter life history traits and behavior. Additionally, abiotic environmental
stressors like salinity (Jeremias et al. 2018), heavy elemental metal contamination
(Vandegehuchte, et al. 2009), and radiation exposure (Trijau et al. 2018) induce
transgenerational epigenetic effects.
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Evidence of both epigenetic machinery and the ability to modify and transmit
stable epigenetic alterations has been documented in Daphnia (Vandegehuchte and
Janssen 2009, Vandegenhuchte et al. 2009, Jeremias et al. 2018, Trijau et al. 2018,
Nguyen et al. 2021). Daphnia possess three homologs of cytosine-5-methyltransferases
(DNA methyltransferases or Dnmts), enzymes that catalyze the addition of methyl groups
to cytosines. These enzymes are capable of copying established methyl marks during
DNA replication (Dnmt1) or adding new marks in a de novo fashion (Dnmt3). No
function for Dnmt2 has yet been established in DNA methylation (Bewick et al. 2017).
Diet-induced maternal effects are well known in Daphnia (Goos et al. 2018, Frost
et al. 2010, Garbutt and Little 2017, Clark et al. 2017), with potential links to epigenetic
alterations including miRNA packaging (Hearn et al. 2018) and changes in the
methylation across the genome (Hearn et al. 2019). Older studies in Daphnia have shown
that vitamin B12 is linked to reproductive performance (Keatin 1985), while more recent
work has show that increased B12 leads to global hypermethylation of the Daphnia
genome as well as increasing juvenile specific growth rate (Kusari et al. 2017). It is not
currently known is how expression of any of the three Dnmts responds to environmental
cues and whether their expression is subject to maternal influences.
Our study explores the effects of food quantity on life history and Dnmt
expression in two clones of Daphnia pulex across two generations. Specifically, we
aimed 1) to determine if expression values of the de novo methyltransferase (Dnmt3), and
subsequent maintenance transferase (Dnmt1), would respond to a reduction in food
quantity within- and across-generations and 2) to identify genotypic differences in life
history within- and across-generations potentially linked with changes in gene
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expression. To accomplish this, we manipulated food levels over two generations to test
for dietary maternal effects on reproduction and Dnmt expression in two clones of
Daphnia pulex. We also included Dnmt2 since little is known about it in any organism.
We measured life history traits for both generations including age at maturation, time
between clutch release, reproduction type, and clutch size followed by gene expression
analysis. Our hypotheses are 1) that dietary restriction would negatively affect life history
in the maternal generation, G0, and increase Dnmt gene expression, and 2) that offspring,
G1, from low food mothers would perform better than offspring from high food mothers
when challenged with dietary restriction and Dnmt gene expression would be lower in
offspring from low food mothers.

2.2 Methods
2.2.1 Daphnia clones
The experiment used two Daphnia pulex clones, Morg-5 and Tro-3, to establish
experimental populations. Unlike most clones of D. pulex, Morg-5 and Tro-3 are
obligate parthenogens. Thus, like typical Daphnia, they produce broods of
parthenogenetic subitaneous eggs that begin development once deposited into the brood
chamber, but unlike typical Daphnia they also produce resting eggs parthenogenetically.
Resting eggs are enclosed in a modified carapace known as an ephippium (Hebert 1981,
Innes et al. 2000).
Ephippia of each clone were removed from storage at -80°C and placed in tissue
culture plates containing a small amount of filtered lakewater. To mimic natural
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conditions for hatching, plates stored for 1 week in darkness at 4°C, then moved to a
20°C incubator at a high light intensity on a 12:12 (light:dark) photoperiod. Seven
neonates from Tro-3 hatched after eight days five neonates hatched from Morg-5 after
thirteen days. Individuals were transferred into 150ml beakers with 100ml of filtered
lakewater and kept under standard conditions detailed below. Once all individuals
reached reproductive maturity, one exephippial individual per clone was randomly
selected to be the progenitor for experimental setup.

2.2.2 Standard Culture Conditions and Pre-experiment Acclimation
All animals were maintained in filtered lakewater (to 1µm) from Lake Murray in
Lexington County, SC, USA. Each individual was placed into a 150ml Pyrex beaker with
100ml of filtered lakewater and kept in climate-controlled chambers under a 12:12
(light:dark) photoperiod at 20°C. Surface entrapment was prevented through dusting cetyl
alcohol on the water surface (Desmarais 1997). Animals were fed a quantitative diet of
20,000 cells/ml of vitamin-fortified Ankistrodesmus falcatus (Goulden and Horning
1980) daily to allow ad libitum filter feeding. Individuals were transferred every other
day into a new beaker of fresh lakewater. Three acclimation generations of 25 individuals
were passed before producing experimental individuals. All experimental animals were
taken from the third clutch of the third acclimation generation within 8-12 hours of
release from the brood chamber. Overall, our aim was to minimize variation due to nonexperimental maternal effects.
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2.2.3 Maternal Effects Assay
The experimental maternal (G0) and offspring (G1) generations for both clones
were established by randomly assigning an equal number of neonates from an individual
to either a high or low food environment. High food constituted a daily diet of 20,000
cells/mL of A. falcatus, low food was 5,000 cells/ml. Animals were transferred every
other day into new beakers with 100ml of fresh filtered lakewater and checked every 8-12
hours for maturation starting on the fifth day of the respective assay. Individuals were
considered mature when eggs were deposited into the brood pouch. Day and number of
neonates released were recorded for all individuals in both generations as well as type of
reproductive output (parthenogenic egg, resting egg, abortive event/no data). Animals
were kept individually in beakers for the duration of the experiment. The experimental
design and total number of animals used in each generation can be seen in Figure 2.1.

2.2.4 Gene Expression
Gene-specific primers for qPCR were designed from the genome sequence of D.
pulex (Colbourne et al. 2011). Primer sequences and validation details are given in the
Supplemental Information. Daphnia from each treatment were collected after releasing
their third clutch and stored in RNAlater (Invitrogen) for 24hrs at 4°C. Eggs were
removed from the brood chamber of each animal. For total RNA extractions, we pooled
cohorts of 10 Daphnia per treatment into a single biological replicate. Each treatment had
a total of 5 biological replicates yielding a total of 60 samples (2 clones * 6 treatments * 5
biological replicates = 60 samples). All samples were stored at -80°C until extraction.
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Total RNA was extracted from homogenized tissue using a trizol/purezol-chloroform
method (Purezol, Biorad, CA). Purity and concentration were assessed via Nanodrop
2000 and Qubit, respectively. RNA subunit integrity was confirmed through gel
electrophoresis. Each replicate was treated for genomic DNA contamination and
converted into first-strand cDNA with gDNAse Iscript (Biorad, CA) using random
primers according to the manufacturer’s protocol. qPCRs were run with three technical
replicates using PowerUp SYBR Green Master Mix (Applied Biosystems) in a BioRad
CFX96 Real-Time PCR System (BioRad, CA). Thermal cycling conditions were: 2 min
at 50°C and 2 min at 95°C, followed by 40 cycles of 15 sec at 95°C and 30 sec at 60°C.
Dissociation curve analysis and gel electrophoresis confirmed correct amplicon size and
primer specificity. No-template (NT) and no-reverse-transcriptase (NRT) controls were
used to confirm no contamination was present. Relative Dnmt mRNA levels were
normalized to b-actin transcript level (Dudycha et al. 2012) using the Pfaffl method, with
an efficiency correction calculated from Real-time PCR Miner (Zhao et al. 2005).

2.3 Statistical Analysis
Statistical analyses were conducted using R, version 3.6.2 (R Core Team 2021)
and plots were made using ggplot2 (Wickham 2016). All models were fit accordingly
using the formulas y ~ G0 or y ~ G0 * G1 depending on the generation being analyzed.
Time to maturation and clutch interval are both considered ‘time to event’ data and were
analyzed using Cox proportional hazards regressions with an efron method to handle tied
event times more accurately. Clutch size data were log-transformed to meet the
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assumptions of normality. Maternal and resource effects on clutch size were analyzed
using a type-III ANOVA; effect sizes reported are 𝜂2 . Maternal and resource effects on
reproductive output type were analyzed using a generalized liner regression following a
binomial distribution. Gene expression data were analyzed using a pairwise t-test (G0) or
one-way analysis of variance (G1). A post-hoc analysis (Tukey’s honest significant
difference) was used to test particular differences between treatments in G1.

2.4 Results
2.4.1 Time to maturation and day of clutch release
Restricted food levels significantly delayed time to maturation in the maternal
generation for both clones (Table 2.1; Figure 2.2). The effect size of low food was greater
in the Tro-3 clone as indicated by the hazard ratio, HR (Table 1). HR values less than 1
indicate a delay in maturation time, equal to 1 show no difference in maturation, and
greater than 1 indicate earlier maturation. G0 plots denote food level treatments using
either an H, high food, or L, low food. Animals in G1 denote maternal and offspring diet
using two letters. The first letter indicates maternal diet and the second offspring; HH,
high maternal food and high offspring, HL, high maternal and low offspring, LH, low
maternal and high offspring, LL, low maternal and low offspring.
Effects in the offspring generation differed markedly between the two clones. In
Tro-3, the G1 maturation time was primarily influenced by G1 food level, resulting in a
HR of 0.34, indicating a delay in maturation when G1 had low food (Table 2.1; Figure
2.2). Maternal low food diets and the interaction between G0 and G1 food levels
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significantly reduced the negative effects of offspring low food diets (Table 2.1).
Maturation was delayed when offspring food level was low only when the maternal food
level was high. In contrast, in Morg-5 there was no interaction between generations,
although time to maturation in G1 was significantly influenced by main effects of both
offspring food level and maternal food level.
In the maternal generation, the day of neonate release for all three clutches was
significantly delayed in Tro-3 when food availability was low. The same was true in
Morg-5 for only clutches 2 and 3 (Table A.1; Figures A.1 and A.2). The same trend was
observed in G1 and is largely explained by offspring food level, with low food resulting
in significant delays. However, offspring from low food mothers reproduce earlier
compared to offspring from high food mothers. The interaction between G0 and G1 diet
was significant for all three clutches in Morg-5 but only clutch 1 in Tro-3 (Table A.1). In
addition to effects on means, we also observed effects of maternal diet on variability of
reproductive timing in Tro-3 (Figure A.1), with offspring from low food mothers
releasing clutches in a relatively narrow 8-12 hour window.

2.4.2 Clutch size
Low food significantly reduced clutch size for the first three clutches of G0 both
Tro-3 and Morg-5 (Table A.2; Figures A.3 and A.4). There was no significant interaction
between maternal and offspring diet on clutch size for either clone in the first three
clutches, and in most cases there was no main effect of G0 resource level on G1 clutch
sizes. The one exception was in clutch 2 of Tro-3, which were larger when their mothers
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had low food (Table A.2; Figures A.3 and A.4). Clutch size in G1 was significantly
reduced by low food in both clones.

2.4.3 Reproductive output type
Diet did not affect the type of reproduction in the maternal generation of Morg-5
(Table A.3; Figure 2.3), but resting egg production in the 2nd and 3rd clutches of Tro-3
was significantly increased by low food (Table A.4; Figure 2.3). Lack of variation in the
high food treatment of Tro-3, where no replicates produced resting eggs, rendered the
statistical error terms unintelligible. However, low food did result in the production of
resting eggs, suggesting there is a diet effect for clutch 1.
There was no significant interaction between G0 and G1 diet on the type of
reproductive output (egg, resting egg, or no output) in G1 for either Tro-3 or Morg-5.
There was no main effect of diet, from either G0 or G1, on reproductive output type in G1
for the first three clutches of the Morg-5 clone (Table A.5; Figure 2.4).
Unlike Morg-5, Tro-3 showed substantial treatment effects on reproductive type.
Tro-3 G1 from high food mothers, HH and HL showed the same effect as G0: low food
resulted in increased resting egg production. In contrast, resting egg production was
significantly reduced in the 2nd and 3rd clutches of G1 if the G0 diet was low food (Table
A.6). Low food G1 diets reduced the log-odds of producing subitaneous eggs by 2.995
and 2.836 for clutches 2 and 3, respectively, while low food G0 diets increased the log
odds of producing subitaneous eggs in G1 by 2.469 and 2.191. The Tro-3 G1 clutch 1
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statistical model suffers from the same lack of variation in which replicates did not
produce resting eggs within a treatment.

2.4.4 Gene expression
Dnmt expression was scaled to high food treatments (H in G0 or HH in G1),
rendering the expression value of 1. Expression of all three Dnmt genes trended in the
same direction for both clones, with low food resulting in increased expression. Maternal
gene expression in Tro-3 was significantly upregulated in low food for Dnmt1 (t14 = 3.49,
p = 0.0036), Dnmt2 (t14 = 2.57, p = 0.022), and Dnmt3 (t14 = 2.45, p = 0.028). No
significant differences of maternal gene expression were observed in Morg-5 (Figure 5).
Comparatively, there was greater variability in expression for all three Dnmt genes in G0
of Morg-5 than of Tro-3.
Maternal food level affected Dnmt expression in opposite directions in offspring
of the two clones. In Morg-5, significant increases in offspring gene expression were
observed for all three DNA methyltransferases when maternal food was low (Dnmt1: F3,
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= 7.371, p = 0.0003; Dnmt2: F3, 56 = 6.613, p = 0.000655; Dnmt3 F3, 56 = 7.532, p =

0.000255). The effect was most notable for Dnmt1. In contrast, in Tro-3 offspring in the
HL treatment had higher Dnmt expression than the other environments (Dnmt1: F3, 56 =
25.82, p = 1.28*10-10; Dnmt2: F3, 56 = 15.65, p = 1.64*10-7; Dnmt3: F3, 56 = 28.23, p =
2.98*10-11) (Figure 2.5). In addition, in G1 of Tro-3 expression of Dnmts in LH was
reduced relative to HH (post-hoc Tukey tests shown in Figure 5). There was also a
marginally significant elevation of Dnmt3 in LL relative to HH (p < 0.064; Figure 2.5).
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2.5 Discussion
We found evidence for effects of maternal food availability on offspring life
history and Dnmt expression. While such effects are reasonably well known for life
history, to our knowledge we present the first data quantifying plasticity of Dnmt
expression in response to food availability within- and across-generations. Significant
differences in Dnmt gene expression were observed for all three genes in both clones
within- and across-generations, although the details differed among genes and between
clones. One key pattern we found was that when offspring experience poor resource
environments, effects of the maternal environment are generally stronger for both life
history and Dnmt expression. A second key pattern was that while effect sizes (𝜂2 , 𝛽/log
odds) of the offspring diet were larger than either maternal or interaction term effect
sizes, the direction of the maternal effect was almost always in the opposite direction.
Furthermore, our data provides strong evidence of genotypic variation of responses to
low food diets—both within- and across-generations—for both life history and Dnmt
expression.
Ecological research on maternal effects has a long history at the phenotypic scale,
but is largely segregated from developments in molecular biology that may shed light on
molecular mechanisms that enable maternal effects. We sought to bring these fields
closer together. However, our goal for this study was not to use Dnmt expression to
directly explain the specific life history effects we observed; it isn’t possible to predict
specific mechanistic causes in the absence of detailed knowledge of the genetic
architecture of these complex traits. Instead, we used life history traits to illustrate broad
patterns and genetic variation in maternal effects, and asked whether similar patterns and
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types of variation are seen in a crucial component of epigenetic regulation. In addition,
our data on Dnmt expression shows that broad mechanisms with the potential to
modulate maternal effects are themselves subject to maternal effects.

2.5.1 Diet effects on life history traits
Maternal effects of diet on life history have been studied for multiple species of
Daphnia (e.g., Glazier 1992, Gliwicz and Guisande 1992, Boersma 1995, 1997, Urabe
and Sterner 2001; Pieters and Liess 2006, Hearn et al 2018, Gillis and Walsh 2019), and
our results confirm general expectations. Reduction in food quantity and quality results in
delayed maturation, decreased clutch size, increased time between clutches and
potentially the production of resting eggs. Both clones responded to food level but
overall, maternal life history was more sensitive to diet in Tro-3 than in Morg-5. For
example, maturation was delayed in both clones, but the effect was almost double in size
for Tro-3. Both clones also saw a significant reduction in clutch size for all three
clutches, but again diet had a larger effect on Tro-3.
We observed a significant shift from subitaneous to resting egg production in
clutch 2 in response to low food diets in Tro-3. The majority of Tro-3 G0 clutch 3 then
shifted to not reproducing at all, further illustrating the strength of diet-induced effects in
this clone. Morg-5 did not shift its type of reproductive output, indicating a clear
genotypic difference between the two D. pulex clones and how they respond to an
environmental challenge. Maternal and grandmaternal food environments are well
known to influence the production of resting eggs (Alekseev and Lampert 2001;
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LaMontagne and McCauley 2001); however, all G0 animals we used were taken from the
third acclimation generation of animals that were grown under constant high food
conditions. Given this, we believe that the differences observed in the G0 are due to
treatment rather than a maternal artifact from the acclimation generations.
Studies investigating diet-induced effects across generations show that maternal
effects are more prominent when the offspring food environment is poor and that the
strength of maternal effects is more pronounced in early developmental stages (Brett
1993, Hearn et al. 2018). Daphnia eggs from low resource mothers are typically greater
in volume and dry mass with larger reserves of carbon, nitrogen, protein, and lipids
(Boersma 1997, Guisande and Gliwicz 1992). While we did not investigate the
composition of eggs produced, our results from Tro-3 offspring show a clear maternal
effect. Low-food offspring from low-food mothers (LL) have life history traits that
resembles that of their high-food siblings. Time to maturation, time between clutch
release, and reproductive output type all resemble that of maternal individuals receiving a
high food diet, suggesting that mothers of this clone are able to inoculate their offspring
against the challenges of a low food environment.
Offspring food level dictated the direction of the effects on life history traits for
both clones studied. However, despite often having smaller effect sizes, the maternal
effects observed in Tro-3 G1 were always opposite in direction to the within-generation
effect. In the case of reproductive output type, the effect size of offspring food level on
offspring output type increased over time to the point of almost equaling the effect size of
maternal diet, but it was in the opposite direction. This may suggest the presence of an
adaptative maternal effect in Tro-3.
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2.5.2 Diet effects on Dnmt expression
We proposed two hypotheses for Dnmt expression in response to diet and
generation: 1) Dnmt expression would be higher in a low food environment than in a high
food environment, and 2) offspring from mothers grown in low food environments would
have lower Dnmt expression than their counterparts from mothers grown in high food
environments. We observed significant increases in gene expression for all three Dnmts
in low food compared to high food in the maternal generation of Tro-3 but not in Morg-5
(Figure 2.5), partially confirming our first hypothesis. There was greater variance in
expression between biological replicates in Morg-5 for each methyltransferase, so it is
possible that this clone is simply less tightly regulated. Other investigations of
epigenetics have also found conflicting results among genotypes. Hearn et al. (2019)
found significant genome-wide methylation differentiation in response to dietary
restriction for one clone of D. magna, yet a second study using D. magna from the same
location found no effect (Hearn et al. 2021).
Data from Tro-3 supported our second hypothesis, that offspring from mothers
reared in low food environments would have lower Dnmt expression. Tro-3 offspring
from low food mothers, both LH and LL, had significantly lower expression for all three
methyltransferase genes compared to diet-restricted offspring from high food mothers,
HL, but not HH. LH mean Dnmt gene expression values were lower than the reference,
HH, and significantly different from LL, with Dnmt3 expression with a 50% greater
relative fold difference in LL.
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In contrast, data from Morg-5 seems to refute our second hypothesis. In this
clone, offspring from low-food mothers had higher Dnmt expression than offspring from
high-food mothers, although the differences were statistically significant only when
offspring experienced low food.
Past work has shown that within-generation environmental stimuli alter DNA
methylation across the genome or at select genes, including in Daphnia (Vandegehuchte
and Jensen 2011, 2014; Head 2014). Data from Kusari et al. (2017) highlighted the
importance of diet on the one-carbon metabolic pathway (OMC) in Daphnia (OMC is
responsible for supplying methyl groups used for DNA methylation). Decreased diet
quality resulted in hypomethylation across the genome and reduced fitness, suggesting
that epigenetic modifications are directly influenced by environmental changes.
The do novo methyltransferase, Dnmt3, has already been shown to respond to
dietary restriction treatments in Daphnia and has been linked to a tradeoff between
reproduction and growth (Nguyen et al. 2020, 2021). In our study, we observed increased
expression of Dnmt3 in response to low food in both Tro-3 generations, except for the
offspring from low food mothers, LH and LL. The change in expression may play a vital
role in the life history changes overserved. LH animals produced, on average, more
offspring in clutches 2 and 3 than HH and reduced the variation in day of clutch release.
LL animals produced significantly fewer resting eggs compared to their HL counterparts
and the day of neonate release was comparable to that of the HH control.
Daphnia change offspring phenotype and life history in response to dietary shifts
with clear genotypic variation (Glazier 1992; Mckee and Ebert 1996; Gabsi et al. 2014;
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Tessier and Consolatti 1989, 1991; Gliwicz and Guisande 1992; Burns 1995;
LaMontagne and McCauley 2001; Li and Jiang 2014). Differences in how species
achieve the alteration are becoming clearer, e.g., by modulating gene expression (Hearn
et al. 2017), embryo provisioning (Gabsi et al. 2014, references within), and DNA
methylation (Asselman et al. 2015; Hearn et al. 2019/ 2020) but mechanisms behind the
changes remain elusive. Our study helps close the gap between the phenotypic changes
and the molecular mechanisms by showing changes in gene expression of crucial parts
epigenetic machinery responsible for maintaining genome stability and responding to the
environment. It adds to the complexity, however, by showing that the operation of
epigenetic mechanisms differs between genotypes. Future studies investigating maternal
effects in Daphnia should include multiple genotypes and also factor in changes in
methylation across the genome as proximate mechanisms for understanding how
maternal experiences shape offspring life history.
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Figure 2.1 Experimental design setup. Three acclimating generations under
constant conditions were used following hatching Tro-3 and Morg-5 from
ephippia. G0 represents the maternal generation for the main study and G1 the
offspring produced. Animals under high food (H) were fed 20,000 cells/ml of
Ankistrosdesmus falcatus daily, low food (L) were fed 5,000 cells/ml. For G1,
the first letter denotes the maternal food level, the second the offspring food
level. Number, n, of animals used for each clone in each treatment are listed.
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Figure 2.2 Box plots of the effects of diet and maternal diet on the age at maturation
in the clones Tro-3 and Morg-5, for both generations. Green boxes denote a high
food diet, gray boxes low food in the generation being observed. Data were collected
within an 8-12 hour window starting on day 5. For G1, the first letter denotes the
maternal food level, the second the offspring food level.
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Table 2.1 The Effects of Diet on Time to Maturation

Clone

Generation

Variable

𝜒2

HR

95% CI

p-value

Tro-3

G0

Diet

59.92

0.29

0.21-0.40

0.0001

G1

Offspring Diet

30.25

0.34

0.24-0.50

0.0001

Maternal Diet

15.86

1.19

0.84-1.68

0.0001

Interaction

6.86

1.93

1.18-3.17

0.008

G0

Diet

9.89

0.60

0.44-0.82

0.0001

G1

Offspring Diet

49.92

0.43

0.31-0.60

0.0001

Maternal Diet

3.89

1.43

1.03-1.98

0.04

Interaction

0.32

0.88

0.55-1.38

0.57

Morg-5

Cox Proportional Hazard Regression using an Efron approximation. HR = Hazard Ratio.
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Figure 2.3 Waffle plot representation of diet effect on reproduction type in G0 where each square represents one
individual. Green squares represent subitaneous egg production, purple squares denote resting egg production, gray
squares no reproduction, and red represent individual who produced a clutch of subitaneous eggs but resulted in an
abortive event.
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Figure 2.4 Waffle plot representation of diet effect on reproduction type in G0 where each square
represents one individual. Green squares represent subitaneous egg production, purple squares denote
resting egg production, gray squares no reproduction, and red represent individual who produced a
clutch of subitaneous eggs but resulted in an abortive event.

Figure 2.5 Normalized relative fold expression and standard error for DNA
methyltransferases 1, 2, and 3 in the D. pulex clones Tro-3 and Morg-5. For G1, the
first letter denotes the maternal food level, second the offspring food level; post-hoc
Tukey HSD results are displayed for both clones in the G1 generation.
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CHAPTER 3
DEVELOPMENT OFAN RNA INTERFERENCE BACTERIAL FEEDING
REGIME TO KNOCKDOWN DNA METHYLTRANSFERASE GENE
EXPRESSION IN TWO CLONES OF DAPHNIA PULEX
3.1 Introduction
RNA interference, RNAi, is a mechanism that allows for the silencing of genes
through the sequence-specific cleavage of RNA transcripts complementary to one strand
from double-stranded RNA, dsRNA, that activates the pathway (Ipsaro et al. 2015).
dsRNA is cleaved into 21-24nt, single stranded, short interfering RNAs that can mediate
the RNAi pathway by acting as guides for targeting complementary RNA transcripts but
can also induce unintended changes in nontargeted proteins (Scacheri et al. 2004). The
RNAi pathway is highly conserved across eukaryotes and has been used for loss-offunction studies in a multitude of model systems (Ketting 2011), with the potential for
clinical and therapeutic use in humans (Deng et al. 2014).
Daphnia are freshwater microcrustaceans that have been well studied in the fields
of evolution, toxicology, genomics, plasticity, and more recently epigenetics
(Vandegehuchte and Janssen 2011; Weider and Pijanowska 1993; Colbourne et al. 2011;
Stollewerk 2010; Schield et al. 2016; Hearn et al. 2018). They are a keystone species for
freshwater food webs, serving as prey for fish and invertebrates and as primary
consumers of algae (Benzie 2005). Daphnia have been observed to possess high levels of
phenotypic plasticity in response to a variety of biotic and abiotic environmental cues
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(Garbutt and Little 2016; Jeremias et al. 2018) both within- and across-generations
(Agrawal et al. 1999, Walsh et al. 2014). Changes is gene expression, DNA methylation,
and protein structure have been observed in several generations removed from the
original cue experienced by the mother (Schwarzenberger and von Elert 2013; Rodriguez
et al. 2012; Hales et al. 2017; Schield et al. 2016; Hearn et al. 2018). Daphnia are
parthenogens, reproducing through an asexual method that results in genetically identical
offspring (Zaffagnini 1987; Harris et al. 2012).
Schumpert et al. (2015) developed a novel RNAi method that efficiently knocked
down the expression of phenoloxidase in Daphnia using a bacterial feeding regime and a
plasmid vector designed by Fire et al. (1999). This study aims to develop bacterial
constructs capable of activating the RNAi pathway to knockdown the expression of DNA
methyltransferase 1, Dnmt1, in two clones of D. pulex. Dnmt1 is a highly conserved
methyltransferase gene that maintains DNA methylation across the genome (Goll and
Halpern 2001) and belongs to a family of DNA methyltransferase genes that are heavily
studied across taxa (Bird 2002). DNA methylation of cytosines is an epigenetic tool that
ensures the stability of the genome by silencing repetitive elements, inactivating
chromosomes, and regulating gene expression (Jaenisch and Jahner 1984, Ng and Bird
1999). We hypothesize that plastic responses, especially those that span multiple
generations, are carried out by epigenetic genes like Dnmt1. To test this hypothesis, we
will develop RNAi-inducing bacterial constructs to knockdown Dnmt expression in two
clones of D. pulex.
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3.2 Methods
3.2.1 Daphnia Culture Conditions and Pre-experiment Acclimation
Daphnia pulex clones, Morg-5 and Tro-3, were collected from temporary ponds
in Ontario, Canada, and Michigan, USA, respectively, and cultured under constant
laboratory conditions. Daphnia were propagated using filtered lakewater (to 1µm)
collected locally from an outflow of Lake Murray in Lexington County, SC, USA, and
maintained at a temperature of 20°C under a 12:12 light:dark photoperiod. Laboratory
reared animals were fed a daily diet of vitamin-fortified Ankistrodesmus falcatus
(Goulden and Horning 1980).
Fifteen female juveniles from each clone were transferred into individual 150ml
Pyrex beakers with 100ml of filtered lakewater and kept in climate-controlled chambers
under standard conditions. All animals were fed a quantitative diet of 20,000 cells/ml of
Ankistrodesmus falcatus and transferred every other day into a new beaker with fresh
lake water. Each beaker was lightly dusted with cetyl alcohol to prevent entrapment on
the water surface (Desmarais 1997). Two acclimation generations were used to produce
the experimental generation and minimize potential for variation due to non-experimental
maternal effects. All animals in each generation were taken from the third clutch.

3.2.2 RNAi inducing Vectors and Feeding Regime
Following the established protocol in Schumpert et al. 2015, we set up a bacterial
feeding regime that exploits the RNAi pathway to attempt endogenous gene knockdown
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in the Daphnia system. We induced the production of dsRNA using the L4440 plasmid
vector (Fire et al. 1999) and the transformed HT115(DE3) bacterial strain of E. coli. The
L4440 vector allows for the cloning of PCR products between two T7 promoters
orientated in opposing positions. The HT115 bacterial strain contains a source for T7
RNA polymerase (𝜆DE3 lysogen), which can be induced through the addition of 2mM
IPTG and is deficient in RNase III, leading to the efficient production of dsRNA of the
PCR product cloned between the two T7 promoters. All recombinant plasmids were
designed to produce a dsRNA product of about 300bp in the HT115(DE3) bacterial host.
The vector plasmid was obtained from Addgene (L4440 Plasmid: 1654, gifts from Dr. A
Fire to Addgene).
Transformed bacteria (bacteria with the plasmid L4440 containing a PCR product
from a gene of interest Fig. 3.1) were grown overnight (~14-16hours) in Luria Broth (LB)
with 2mM of IPTG to induce the production of dsRNA. The optical density (OD 600) of
bacterial cultures was measured using a spectrophotometer. Bacterial cultures from an
OD600 of 2.8 units were pelleted and resuspended in 200ml of filtered lake water,
resulting in a final concentration of 0.0028 or ~2.4*106 E. coli cells. New bacterial
cultures were prepared daily using fresh LB and IPTG.
In this study, we targeted mRNA transcripts of DNA methyltransferase 1 (Dnmt1)
by generating two constructs using the L4440 plasmid to produce dsRNA corresponding
to different regions of the Dnmt1 transcript (Fig. 3.1). Before the L4440 plasmid was
constructed, PCR products were sequenced and cloned into pGEMT Easy (Promega) for
long term storage. We used two restriction enzymes, Xba1 and Nhe1, for sub-cloning
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from pGEMT Easy into L4440. Note, we treated L4440 with CIP to reduce self-ligation
of the plasmid vector and encourage the incorporation of our PCR product.
The experimental design aimed to set up 8 cohorts of 10 Daphnia per 250ml
beaker in 200ml of filtered lake water for each vector treatment (Dnmt1B, Dnmt1D, EV),
resulting in 80 Daphnia per treatment per clone (total of n=480 experimental animals).
For the Morg-5 Dnmt1B treatment, we were only able to set up 5 cohorts of 10 Daphnia.
Bacterial treatments started within 5-hours of animals reaching maturation (eggs were
deposited into the brood chamber). Each cohort was given a dose of bacterial cells and
were fed quantitatively, 20,000 cells/ml of A. falcatus daily, resulting in a mixture of
bacteria and algae. We recorded survival, the number of offspring per day, and several
qualitative observations during the 10-day experimental trail. Due to complications
incurred from COVID-related shutdowns, gene expression data was unable to be
collected.
Offspring born during the experiment were collected and set up into cohorts of 10
following the same feeding regime as their mother. We recorded the same life history
data as their mothers as well as time to maturation.

3.3 Statistics
Statistical analyses were carried out using R, version 3.6.2. Survivorship, which is
‘time to event’ data, was analyzed by a Cox proportional hazards regression using an
efron approximation. Standardized values for the number of offspring produced each day
were calculated by dividing the total number of offspring produced each day by the
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number of surviving mothers. Offspring data were analyzed using a type-III ANVOA.
Data normality and heterogeneity of variance were tested for using Shaprio-Wilks and a
Levenne’s Test, respectively, and treated accordingly.

3.4 Results
Photographs of experimental animals were taken on day 5, 7, and 10 during the
bacterial feeding regime. Figure 3.2 highlights animals from day 10. Notable differences
in animal body and gut coloring, presence or absence of vitellogenesis, offspring
production, and carapace abnormalities were observed between the two genotypes.
Regardless of vector type, Tro-3 animals lost most pigmentation aside from the large
compound eye. Gut coloring ranged from clear to a dark brown. Surviving animals from
the Dnmt1 treatments developed a “curly” phenotype in which deformities in the
carapace impede or curl into the brood chamber. Vitellogenesis was not observed for
most of the population. Morg-5 animals maintained the minimal amounts of body
pigmentation normally observed in Daphnia pulex. Animal guts ranged from a vibrant
green to a bright yellow. Vitellogenesis was commonly observed among all three vector
treatments and egg development was generally unimpeded by the bacterial feeding
regime.
Offspring born during vector treatments were collected (10 per treatment per clones)
and treated with the same bacterial feeding regime as their mother for 12 days post-birth
to ascertain effects on survival and maturation. Neonates from both clones treated with a
Dnmt vector experienced at least 50% mortality. Tro-3 that survived did not begin the
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process of vitellogenesis within the 12-day period in any treatment. Brood chambers were
clearly visible in all three treatments for both clones, body pigmentation was within a
normal range, and gut coloring remained a vibrant or pale green (Fig. 3.3). Morg-5
neonates from the Dnmt1D and EV treatments were observed to have successfully
completed the process of vitellogenesis, though it was delayed on average by 3 days. Egg
development appeared normal. Pigmentation and gut coloring resembled that of normal,
well-fed Daphnia. Fat deposits were observed in neonates from both clones.
Experimental animals from both clones reduced the number of offspring produced
per living female when compared to the maternal generation (Morg-5: F3,23 = 4.506, p <
0.012; Tro-3: F3,13 = 9.479, p < 0.001) but not between vector treatments (Fig. 3.4).
Morg-5 survivorship was not significantly reduced by either Dnmt1 B or Dnmt1 D vector
treatment when compared to animals fed empty vectors, EV, Fig 3.5 (𝜒2 = 0.142, p =
0.931, df = 2). Tro-3 survivorship was significantly reduced by vector treatment (𝜒2 =
60.974, p < 0.0001, df = 2), with Dnmt1B increasing the probability of death by three
times that of the EV (p < 0.0001, HR = 3.765, CI = 2.694-5.260). There was no
significant difference in the number of offspring per mother between either clone in the
maternal generation, G0.

3.5 Discussion
RNAi methods for gene knockdowns are well established for several organisms
(Drake et al. 2012; Martin et al. 2006; Lie et al. 2013) and use delivery mechanisms that
often require microinjections as the delivery method. This presents a logistical problem
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for the Daphnia system for two reasons: 1) Daphnia mortality increases rapidly when not
immersed in water and 2) microinjections would most likely need to occur in an egg
which is a fraction of the size of an adult. Schumpert et al. (2015) developed a novel and
efficient method to achieve RNAi through a daily bacterial feeding regime that mediates
both logistical issues. While we were not able to collect gene expression data from this
initial study, we have strong phenotypic data that suggests the RNAi method developed
by Shumpert et al. (2015) can be adapted for investigations into the knockdown of
epigenetic genes. Our results clearly show a strong genotypic difference to the RNAi
bacteria feeding regime in two Daphnia pulex clones.
The use of a higher concentration of transformed E. coli cells, 2.4*107, successfully
knocked down the expression of phenoloxidase in D. melanica while minimizing deaths
over a ten-day period (Schumpert et al. 2015). We opted to decrease the concentration of
bacteria in each dose to minimize the likelihood of increased morality rates potentially
experienced from the loss of function of our genes of interest and to minimize the effects
of crowding. By increasing the total amount of lake water per beaker to 200ml, we
decreased the total bacterial concentration and reduced the effects crowding has on life
history (Guisande 1993; Burns 1995). Life history data from both clones show strong and
dynamic responses to diet alterations, including mortality (Agrelius, unpublished data).
Untransformed bacteria are a normal constituent of a Daphnia diet, but they are a lowquality resource (Taub and Dollar 1968; Tezuka 1971) that can trigger responses
resulting in changes of life history up to death. The bacteria supplied to our Daphnia are
not only a low-quality food source but are also designed to trigger an immune response
that results in the degradation of mRNA transcripts of genes that help maintain the
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stability of the genome (Bonasio et al. 2010). For these reasons, we chose to decrease the
total concentration of bacterial cells per dose.
Despite the use of a lower concentration, visible signs of stress were observed in the
Tro-3 animals. Signs included higher mortality rates, ranging from 40% to 97.5%, in all
three vector treatments including the EV bacteria treatment where nearly half of the
cohort died. Additionally, Tro-3 animals lost nearly all pigmentation in their carapace,
their filtering rate slowed down or stopped completely, and their gut coloring shifted
from green to brown. Feeding in Daphnia is linked to respiration with most of their
oxygen supply being taken from a feeding current (Pirow et al. 1999). By slowing down
or halting the filtering process, algal cells remain in the gut and decompose resulting in a
yellow or brown color; effectively the animal loses the nutrient content of the food and
starves while also experiencing hypoxia. This was observed in all three-vector treatments
of the Tro-3 clone but not in Morg-5. Conversely, Morg-5 seemed relatively unaffected
by the RNAi bacterial treatments and continued to reproduce offspring throughout the 10day trail.
In another study, Tro-3 was observed to delay maturation, switch to resting egg
production, and increase Dnmt expression in response to reductions in resource quantity
(Agrelius, unpublished data) but mortality rates were often low. Resource limitation did
not result in changes of carapace pigmentation or gut coloring but reproductive events
after the second clutch were not observed. Interestingly, Schumpert et al. (2015) did not
observe changes in reproduction for either D. melanica or D. pulex. This could indicate
additional evidence of a genotypic response to the RNAi feeding regime we observed in
D. pulex or, more likely, be an artifact of the targeting of phenoloxidase mRNA, the
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precursor of melanin. D. pulex produces low level of melanin within the carapace (Hebert
and Emery,1990) however there is evidence of plasticity in melanin production based on
environmentally induced stress (Tollrain and Heibl 2004).
There is also evidence to suggest that the presence of the bacteria, in addition to
RNAi, can alter life history. Neonates born during the feeding regime from both clones
survived and continued to develop while being subjected to an RNAi treatment, as
evidenced by the development of the brood chamber. Despite that, maturation was only
observed in neonates from the Morg-5 clone, specifically in the EV and Dnmt1D vector
treatments, on days 9 and 10. This constitutes a 2-3 day delay in maturation for the Morg5 clone average maturation time (Agrelius et al., unpublished data).
This study suggests that there is real potential to use the RNAi bacterial feeding
regime to target and degrade transcripts for the Dnmt1 gene in Daphnia. We observed a
strong genotypic response to the feeding regime and can use this data to set up additional
experiments using the Morg-5 clone to test the effects of Dnmt gene knockdowns. Paired
with the transgenerational data from Agrelius et al. (unpublished data), the increased
mortality and reduced reproduction observed for all three vector treatments in the Tro-3
clone for further suggests that this genotype does not respond well to changes in diet
quantity and quality. The question of how either clone responds to the presence of
dsRNA that does not target and endogenous gene should also be addressed in any
additional studies.
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Figure 3.1 A Daphnia pulex Dnmt1 gene schematic. Marked on the schematic are the two regions amplified by PCR and
cloned into pGEMT Easy and L4440. B Primer sets used to amplify 300 nucleotide regions of the Dnmt1 gene. There is no
overlap between the two amplicons. C Schematic diagram of the L4440 plasmid vector designed by Fire et al. 1998. The
flanking T7 promoters (orange) can be induced to produce double-stranded RNA of the cloned insert from the gene of
interest (grey).

Figure 3.2 Photographs taken on day 10 of the RNAi bacterial feeding regime. Tro-3
animals show more obvious signs of stress: loss of pigmentation in the carapace,
dark yellow to brown coloring in the gut, decreased egg production, and a deformity
in the carapace. Morg-5 animals do not show the same signs of distress in any
treatment. Vitellogenesis and egg production continued unimpaired, gut coloring
indicated constant filter feeding, and no physical deformities were observed.
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Figure 3.3 Neonates born into during the bacterial feeding regime were collected (n =
10 per treatment per clone) and treated with the same vector as their mother. The N
represents how many of the original cohort survived by day 12 when the photographs
were taken. Developmentally, all surviving offspring appear to have defined brood
chambers but only Morg-5, Dnmt1 D and EV, produced eggs. Maturation was
delayed in both treatments by approximately 2.5 days.

66

Figure 3.4 Standardized boxplots of the number of neonates produced each day, total
number of neonates for each treatment divided by the number of surviving females.
Animals treated with the Dnmt1 B vector are shown in green, Dnmt1 D vector in blue,
and EV in gray. No significant difference was detected between vector treatments. When
compared to the maternal generation, G0, all three vector treatments in both clones
produced significantly fewer offspring over a similar timeframe.
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Figure 3.5 Plots showing the effects of each vector type on survivorship (lx) of the two
clones, Morg-5 and Tro-3. Animals treated with the Dnmt1 B vector are shown in
green, Dnmt1 D vector in blue, and EV in gray. No significant difference was observed
between either Dnmt vector when compared to EV in Morg-5 (𝜒2 = 0.142, p = 0.931, df
= 2). 98% of Morg-5 Dnmt1 B, 76% of Dnmt1 D, and 94% EV survived the 10-day
trial. Dnmt1 treatment significantly reduced survivorship in Tro-3 when compared to
EV (𝜒2 = 60.974, p < 0.0001, df = 2). Death was 3 times as likely to occur when treated
with Dnmt1 B (p < 0.0001, HR = 3.765). There was not a significant increase is
mortality between Dnmt1 D and EV (p < 0.0966, HR = 1.328). 2.5% of Tro-3 Dnmt1 B,
16% of Dnmt1 D, and 60% of EV survived the 10-day trail.
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CHAPTER 4
REDUCTION OF DNA METHYLTRANSFERASE ACTIVITY USING
AN RNA INTERFERENCE BACTERIAL FEEDING REGIME IN ONE
CLONE OF DAPHNIA PULEX
4.1 Introduction
Daphnia are ecologically relevant, freshwater microcrustaceans that have been
well-studied in the context of evolution, ecotoxicology, predator-induced polyphenisms,
and genomics (Vandegehuchte and Janssen 2011, Wider and Pijanowska 1993,
Colbourne et al. 2011, Stollewerk 2010). Daphnia traits can be highly plastic both withinand across-generations in the form of maternal effects in which the environment
experienced by the mother alters phenotypic traits of her offspring. Maternal diet and age
can alter offspring disease resistance (Garbutt and Little 2016, Clark et al. 2017), life
history (Garbutt and Little 2016, Goos et al. 2018), and global DNA methylation (Hearn
et al. 2019). Maternal exposure to predator chemical cues, kairomones, induces
morphological defenses (Agrawal et al. 1999, Walsh et al. 2015) and altered life history
traits including behavior for multiple generations in some species. Abiotic environmental
stressors like salinity (Jeremias et al. 2018), heavy metal (Vandegehuchte et al. 2009),
and radiation (Trijau et al. 2018) exposure have also been shown to induce
transgenerational epigenetic effects.
DNA methyltransferases (Dnmts) are epigenetic enzymes that add methyl groups
(-CH3) to the 5’-carbon in cytosines (Goll and Bestor 2005). There are at least three well-
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characterized orthologues that differ in function and methylation capability. Dnmt1 is
responsible for replicating DNA methylation patterns after replication events while
Dnmt3 can methylate cytosines in a de novo fashion (Goll and Bestor 2005). Dnmt3 has
been shown to respond to environmental stimuli (Nguyen et al. 2021). Dnmt2 is the only
methyltransferase found in Drosophilia and appears to methylate the genome similar to
Dnmt1 and 3, but in other taxa Dnmt2 preferentially methylates tRNA (Goll et al. 2006).
All three Dnmts have been found in the Daphnia genome and Daphnia have been shown
to alter DNA methylation within- and across generations (Vandegenhuchte et al. 2009,
Jeremias et al. 2018, Trijau et al. 2018, Hearn et al. 2019). Minimal work has been done
to investigate the loss-of-function of epigenetic-related genes, particularly in reference to
the high levels of plasticity observed in Daphnia. It is probable that Daphnia use
epigenetic mechanisms such as DNA methylation as a stable, heritable way to pass
information about the current environment to their offspring. This transmission would
alter the phenotypic trajectory of offspring as an anticipatory maternal effect, examples of
which are common in Daphnia (Agrawal et al. 1999; Garbutt and Little 2014; Plaistow et
al. 2015).
RNA interference (RNAi) is a highly conserved innate immune response pathway
(Robalino et al. 2004) that can be used as a tool to target and degrade endogenous mRNA
transcripts. RNAi has been used in the Daphnia system to successfully target
phenoloxidase and Sir2, significantly reducing expression of both genes (Schumpert et al.
2015, 2016). This study aims to use the RNAi pathway and the bacterial feeding method
detailed by Schumpert et al. (2015) to target three DNA methyltransferase genes in the
Morg-5 clone D. pulex. Prior work using two clones of D. pulex, Morg-5 and Tro-3, and
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the RNAi feeding regime resulted in almost 100% mortality of the Tro-3 clone but no
significant reduction of survivorship in Morg-5.
We hypothesize that the knockdown of Dnmt expression will result in variable
outcomes depending on the methyltransferase targeted. Dnmt1 is responsible for
maintaining DNA methylation and silencing of the gene has resulted in decreased
proliferation and survival of mammalian cell lines (Uysal et al. 2021). We expect to see a
reduction in growth and global DNA methylation levels from the reduction of Dnmt1 but
not increased mortality since we are not knocking out the gene. CRISPR-knockdown of
Dnmt3 in Daphnia magna (Nguyen et al. 2021) resulted in viable animals that responded
to limited resource availability by differentially expressing vitellogenin genes. Dnmt3
silencing in Apis mellifera resulted in a developmental alteration of worker bees
(Kucharski et al. 2008) but both Daphnia and Apis species remained viable. We expect to
see a trade-off between growth and reproduction, specifically reduced fecundity. We do
not expect to see significant any significant effects resulting from the knockdown of
Dnmt2, given that its function is still not fully understood. Finally, we are not aware of
any potential cross-reactivity between the knockdown of Dnmts but our data will
potentially identify if reduction of one methyltransferase results in expression differences
of another.
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4.2 Methods
4.2.1 Daphnia Culture Conditions and Pre-experiment Acclimation
Daphnia pulex clones, Morg-5 and Tro-3, were collected from temporary ponds
in Ontario, Canada, and Michigan, USA, respectively, and cultured under constant
laboratory conditions. Daphnia were propagated using filtered lakewater (to 1µm)
collected locally from an outflow of Lake Murray in Lexington County, SC, USA, and
maintained at a temperature of 20°C under a 12:12 light:dark photoperiod. Laboratoryreared animals are fed a daily diet of vitamin-fortified Ankistrodesmus falcatus (Goulden
and Horning 1980). Ephippia were collected from both clones and stored in
microcentrifuge tubes at -80°C. Ephippia were taken from both clones and placed into a
tissue culture plate containing a small amount of filtered lake water. Plates containing
ephippia were stored for 1 week in darkness at 4°C then moved to a 20°C incubator on a
high light intensity on a 12:12 (light:dark) photoperiod. Two Morg-5 neonates hatched
after six days and one Tro-3 neonate. Only one neonate from Morg-5 reached maturation.
Surviving neonates were transferred into individual 150ml Pyrex beakers with
100ml of filtered lakewater and kept in climate-controlled chambers under standard
conditions. All animals were fed a quantitative diet of 20,000 cells/ml of Ankistrodesmus
falcatus and transferred every other day into a new beaker with fresh lake water. Each
beaker was lightly dusted with cetyl alcohol to prevent animal surface entrapment on the
water surface (Desmarais 1997). Three acclimation generations were used to produce the
experimental generation and minimize potential for variation due to non-experimental
maternal effects. All animals were taken from the third clutch.
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4.2.2 RNAi inducing Vectors and Feeding Regime
Following the established protocol in Schumpert et al. 2015, we set up a bacterial
feeding regime that exploits the RNAi pathway to attempt endogenous gene knockdown
in the Daphnia system. We induced the production of dsRNA using the L4440 plasmid
vector (Fire et al. 1999) and the HT115(DE3) bacterial strain of E. coli. The L4440 vector
allows for the cloning of PCR products between two T7 promoters orientated in opposing
positions. The HT115 bacterial strain contains a source for T7 RNA polymerase which
can be induced through the addition of 2mM IPTG and is deficient in RNase III, leading
the efficient production of dsRNA of the PCR product cloned between the two T7
promoters. We used the L4417 GFP-containing plasmid construct (Schumpert et al.
2015) as a negative control to test the effects of the presence of dsRNA on the expression
of our genes of interest. All recombinant plasmids were designed to produce a dsRNA
product of about 300bp in the HT115(DE3) bacterial host. Both vector plasmids were
obtained from Addgene (L4440 Plasmid: 1654; L4417 Plasmid: 1649, gifts from Dr. A
Fire to Addgene).
Bacteria transformed with the plasmid of choice, L4440 containing a PCR product
from a gene of interest (Fig. 4.1), were grown overnight (~14-16hours) in Luria Broth
(LB) with 2mM of IPTG to induce the production of dsRNA. The optical density (OD 600)
of bacterial cultures was measured using a spectrophotometer. Bacteria from an OD 600 of
2.8 units were pelleted and resuspended in 200ml of filtered lake water, resulting in a
final concentration of 0.0028 or ~2.4*106 E. coli cells. New bacterial cultures were
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prepared daily using fresh LB and IPTG. In addition to the bacterial cells, Daphnia were
fed quantitatively, 20,000 cells/ml of A. falcatus daily, resulting in a mixture of bacteria
and algae. New bacterial cultures were prepared daily.
In this study, we targeted mRNA transcripts from three DNA methyltransferase
genes (Dnmt1, 2, and 3) by generating constructs using the L4440 plasmid to produce
dsRNA corresponding to each gene of interest (Fig. 4.1). PCR products (300nt
amplicons) from each gene were cloned into p-GMET Easy (Promega) and sequenced.
Amplicons were inserted into this plasmid for long term storage using the restriction
enzymes Xba1 and Nhe1. The same enzymes were used for subcloning into L4440. Due
to ligation issues, L4440 was treated with CIP to encourage the incorporation of our PCR
product rather than self-ligation.
The experimental design sought to setup 15 cohorts of 10 Daphnia in 200ml of
filtered lake water. Each cohort was in a 250ml beaker and randomly assigned to 1 of 6
feeding treatments (total of n=900 experimental animals). The 6 treatments for the Morg5 clone are as listed: Algae (20,000 cells A. falcatus per ml), Empty Vector (L4440
plasmid with nothing cloned in, EV), GFP (L4447 plasmid with 5’ half of the GFP ORF),
D1RNAi (L4440 plasmid with the PCR product from Dnmt1), D2RNAi (L4440 plasmid
with the PCR product from Dnmt2), and D3RNAi (L4440 plasmid with the PCR product
from Dnmt3). The feeding regime lasted for 10 days. GFP was used as a negative control
since the dsRNA it produced does not have an endogenous target in Daphnia. We were
only able to establish 12 cohorts for the Algae treatment. Bacterial treatments were
initiated within 8 hours of animals reaching maturation (eggs deposited into the brood
chamber).
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Data from a prior experiment indicated a decreased tolerance (resulting in an
increased death rate) for the bacterial feeding regime in the Tro-3 clone. We were
interested in how Tro-3 would respond to the presence of dsRNA and setup 3 cohorts of
10 animals using the methods described above for the GFP treatment.
We recorded survival, the number of offspring per day, and several qualitative
observations during the experimental phase. Surviving animals were collected from their
cohort and stored in a microcentrifuge tube at 4°C using the preservative RNAlater
(Invitrogen). Eggs were removed from the brood chamber and animals were pooled, if
needed, into biological replicates with 10 Daphnia per replicate. Total RNA was
extracted from 5 biological replicates (n=10 animals per replicate) using the Purezolchlorophorm method (Purezol, Biorad, CA). Purity and concentration were assessed via
Nanodrop 2000 and qubit; integrity of RNA subunits was confirmed via gel
electrophoresis. Replicates were treated for genomic DNA contamination and converted
into first-strand cDNA with gDNAse Iscript (Biorad, CA) using random primers
according to the manufacturer’s protocol.
qPCRs were run with three technical replicates per biological sample using
PowerUp SYBR Green Master Mix (Applied Biosystems) in a BioRad CFX96 RealTime PCR System (BioRad, CA). Separate primer sets from those used for the generation
of PCR products were used for qPCR. qPCR primers amplified nonoverlapping regions
of each gene to ensure dsRNA produced by the plasmid vector treatment would not be
detected. Thermal cycling conditions were: 2 min at 50°C and 2 min at 95°C, followed by
40 cycles of 15 sec at 95°C and 30 sec at 60°C. Dissociation curve analysis and gel
electrophoresis were performed to confirm correct amplicon size and primer specificity.
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No- template (NTC) and no-reverse-transcriptase (NRT) controls were used to confirm
no contamination was present. Relative Dnmt mRNA levels were normalized to XBP1
transcript level using the Pfaffl method, with an efficiency correction calculated from
Real-time PCR Miner (Zhao et al. 2005).

4.3 Statistical Analyses
Statistical analyses were conducted, and plots were generated, using R, version
3.6.2, and ggplot2 (Wickham 2016). Survivorship (lx), ‘time to event’ data, was analyzed
using a Cox proportional hazards regression using an efron approximation. Number of
offspring were standardized by dividing the total number of offspring produced (per
treatment) by the total number of surviving mothers (per treatment) for each day.
Standardized offspring data were analyzed using a type-III ANOVA. Gene expression
data were analyzed using a Kruskal-Wallis rank sum test and a Dunn’s Test for post-hoc
multi comparisons. Data normality was tested using Shapiro-Wilks tests and visual
comparisons, number of offspring data were log transformed. Data variance
heterogeneity was assessed using a Levene’s Test.

4.4 Results
Within 18 hours of receiving the first bacterial dose, animals in the Dnmt1,
Dnmt2, and Dnmt3 treatments prematurely shed their carapace. A second ecdysis event
was observed from animals in the same treatment cohorts following the second bacterial
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dose. Both molting events resulted in the shedding of a carapace that was not fully
formed. Photographs were taken on days 5, 7, and 10 to document animal development.
Photographs from each treatment on day 10 showed distinct differences in animal
pigmentation, gut coloring, and reproduction (Fig. 4.2). Morg-5 animals from the Algae,
EV, and GFP treatments showed normal pigmentation and gut coloring ranging pale to
bright green, indicating continuous feeding of both A. falcatus (green algae) and bacteria.
Morg-5 D1, D2, and D3RNAi treatments showed abnormal pigmentation, elevated levels
of hemoglobin giving the animals a pink coloring. Gut coloring appeared a bright green.
Continued vitellogenesis was observed for all Morg-5 animals and egg development
appeared normal.
Surviving Tro-3 animals appear translucent with no visible pigmentation in the
carapace outside of the compound eye and little to no coloring in the gut. Vitellogenesis,
after maturation, was not observed during the GFP bacterial treatment. Despite having
reaching maturation at the start of the experiment, no offspring were released from the
brood chamber. Video recordings of the Morg-5 GFP and Tro-3 GFP animals showed a
reduced heart rate in Tro-3, slowed or halted feeding, and minimal movement of
swimming antennae.
Survivorship was significantly reduced by treatment (𝜒2 = 14.046, p < 0.029, df =
6) but only when including the Tro-3 clone receiving the GFP treatment (p < 0.0001, HR
= 2.066, CI = 1.389-3.073), Fig. 4.3. Out of 30 Tro-3 animals, only 10 survived. No
significant difference in the number of offspring per female was detected between the
Morg-5 treatments (F5, 42 = 0.024, p = 0.997, df = 5), Tro-3 GFP did not produce offspring
during the 10-day feeding regime (Fig. 4.4).
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Dnmt gene expression was significantly increased by plasmid vector treatment
(Fig. 4.5). Relative fold expression values are normalized to the Morg-5 Algae cohort
serving as a control. mRNA transcript levels were elevated in the presence of bacteria,
EV treatment (Dnmt2 and 3), and dsRNA, GFP treatment (Dnmt1, 2, and 3), compared to
the control. RNAi treatments did not reduce mRNA transcript levels of target genes
below the Algae control, but they did reduce expression compared to the dsRNA GFP
treatment. Cross-reactivity was also observed, where targeting of one Dnmt for
knockdown resulted in reduced expression of the other two methyltransferase genes.
Significance values from Kruskal-Wallis and post-hoc multiple comparisons tests
(Dunn’s Test) for Dnmt 1, 2, and 3 are provided in Tables 4.1, 4.2, and 4.3, respectively.

4.5 Discussion
We found significant increases in Dnmt expression when exposed to dsRNA and
increased concentrations of bacteria. Treatments that targeted Dnmt mRNA transcripts
with RNAi significantly reduced Dnmt expression below that of the GFP treatment but
did not achieve a true knockdown. Animals in the Dnmt treatments increased hemoglobin
production, as evidenced by the pink coloring, and experienced a premature, double
ecdysis event following the first two doses of the bacterial feeding regime. Offspring
were not released in either molting event and the first release of neonates was ~1.5 days
behind the other treatments.
Molting in juvenile Daphnia is controlled primarily through the hormone 20hydroxyecdysone (Baldwin et al. 2001) and its interaction with juvenile hormones
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(Gilbert et al. 2000). Molting results in a major loss of calcium, ~90% of total body
calcium is lost each molt (Alstad et al. 1999). This loss is not replaced through diet but
rather calcium requisition is an active uptake process (Cowgill et al. 1986). Juvenile
hormones respond to environmental cues resulting in increased expression of hemoglobin
(Heckman et al. 2008), changes in morphology (Miyakawa et al. 2013), and oogenesis
(Charniaux-Cotton 1985). Bacterial feeding regimes began 6 days after birth, which is the
average date of maturation for Morg-5. At this early stage, early developmental processes
are still mediated through juvenile hormones and thus directly susceptible to
environmental cues. Targeting of methyltransferase transcripts could be a primary cause
for the premature molting. Dnmt3 responds to environmental cues and establishes new
methylation patterns across the genome while Dnmt1 maintains the existing methylation
profile, especially during development (Goll and Bestor 2005). Both genes are highly
expressed during developmental processes and methylation profiles across the genome
show differential patterns (Goll and Bestor 2005). Changes in expression for either
methyltransferase during the first reproductive event could impact the ecdysis process
resulting in both the abortive event and molting observed.
Results from this study and Agrelius et al. (Chapter 2, 3) continue to show strong
genotypic differences between the Morg-5 and Tro-3 clones, one of which may be a
difference in immune responses to bacteria and dsRNA. Tro-3 mortality rates increased
with every treatment for both adults and neonates, (Agrelius, Chapter 3). Tro-3 responds
to changes in diet by altering life history, reducing fecundity and delaying maturation, as
well as significantly altering Dnmt gene expression (Agrelius, Chapter 2). Morg-5
animals experienced minimal mortality rates and show no significant differences in
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offspring production between treatments. Morg-5 also show no significant differences in
either life history of Dnmt expression in response to diet alterations (Agrelius, Chapter
2). Morg-5 does show clear stress and immune related responses that Tro-3 does not,
namely a double ecdysis event within 36-hours of the bacterial treatment and high levels
of hemoglobin production.
It is important to note that studies using RNAi in the Daphnia system have
achieved successful knockdowns of target genes using higher doses of bacteria in the
feeding regimes than used here (Schumpert et al. 2015) but that was also accompanied
with increased mortality. Prior work using lower concentrations of bacteria and the
clones Morg-5 and Tro-3 resulted in a strong genotyic response where nearly 100%
mortality was experienced by the Tro-3 clone (Agrelius et al., unpublished data). Given
these results, we opted to use the Morg-5 clone for the RNAi treatments with a bacterial
dose lower than Schumpert et al. (2015). Daphnia life history, and by extension gene
expression, can be altered by crowding in ways like that of low food environments
(Guisande 1993; Burns 1995). To minimize this, we increased the total amount of lake
water per beaker to 200ml which resulted in a decreased bacterial. Despite efforts to
ensure viability, Tro-3 experienced a 70% mortality when fed bacteria containing dsRNA
from a nonendogenous gene.
Bacteria are a normal but low-quality component of a Daphnia diet, (Taub and
Dollar 1968; Tezuka 1971) that can trigger responses resulting in changes of life history.
The transformed bacteria fed to our Daphnia are not only a low-quality food source but
are also designed to trigger an innate immune response (RNAi) that results in the
degradation of mRNA transcripts of genes responsible for maintaining the stability of the
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genome (Bonasio et al. 2010). Immune responses to bacteria are mediated through cell
surface receptors from the TOLL gene family that function as signal transducers
(McTaggert et al. 2009). TOLL proteins show specificity with interactions between
bacterial strains and rely on three well-conserved genes for signal transduction
(McTaggert et al. 2009, references within). Orthologues of at least two of those genes
have been identified in D. pulex as well as other immune-related genes that respond
directly to bacteria (Michel et al. 2001). The TOLL pathway has been identified as a vital
component in the Drosophila antiviral response (Zambon et al. 2005), can be stimulated
by E. coli as well as dsRNA in crustaceans (Robalino et al. 2004, references within).
E. coli bacterial exposure and infection have been shown to directly induce and
repress DNA methyltransferase activity (Qin et al. 2021). Bacterial-induced differential
methylation patterns across thousands of loci resulted in extensive epigenetic remolding
and changes in gene expression (Pacis et al. 2015), influencing immune responses (Tolg
et al. 2010; Sabha et al. 2009). Double-stranded RNA immune responses are very well
characterized in vertebrates to induce gene silencing using an antiviral program mediated
by Type 1 interferons (Robalino et al. 2004) that have pleiotropic functions in both innate
and adaptive immunity. Invertebrate genomes lack genes associated with the interferons;
however, Robalino et al. (2005) observed a robust antiviral immunity induced by dsRNA
in marine shrimp as well as sequence specific targeting and destruction of mRNA
transcripts. However, unintended consequences like stimulation of immune system
responses (Robalino et al. 2005), and unspecific targeting of proteins via the siRNA
produced by the RNAi pathway are well documented in other systems (Fellman and
Lowe 2014; Kaelin 2012).
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Our results from this study highlight strong genotypic differences between two D.
pulex clones in response to dsRNA and increased bacterial presence. Despite the not
finding differences in the number of offspring produced or survivorship between
treatments, our data show that dsRNA increases Dnmt expression and when each
methyltransferase is targeted for a gene knockdown, Daphnia respond by inducing
hemoglobin production and premature molting. Though extensive measures were taken to
ensure that RNAi constructs would only target the transcripts from the gene of interest,
there appears to be some cross-reactivity between RNAi treatments, reducing expression
of the other methyltransferases. This study shows that Daphnia are capable of responding
to the presence of dsRNA and /or bacteria by upregulating the expression
methyltransferase genes, suggesting that differential methylation and epigenetic
remodeling is likely occurring. Future studies should quantify changes in both global
DNA methylation as well as potential hyper- and hypomethylated regions in response to
dsRNA treatments to better understand how Daphnia respond to RNA.
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Figure 4.1 A) Daphnia pulex Dnmt1, 2, and 3 gene schematics. Marked on the
schematic are the two regions amplified by PCR for cloning into L4440 (RNAi)
or qPCR. B) Primer sets used to amplify 300 nucleotide regions of the Dnmt
genes (RNAi) and 100 nucleotide regions (qPCR). There is no overlap between
the two amplicons. Reference gene Xbp1used for gene expression analyses.
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Figure 4.2 Photographs taken on day 10 of the RNAi bacterial feeding regime. A)
Photographs of the Morg-5 clone from each treatment Algae (green), Empty Vector
(grey), L4440 with GFP (turquoise), and each DNA methyltransferase RNAi
treatment 1 (blue), 2 (yellow), and 3 (purple). On days 2 and 3, animals from all three
Dnmt RNAi treatments experienced two ecdysis events, both premature and without
the release of neonates. Gut coloring for all six treatments is light to bright green
indicating constant filter feeding of fresh algae. Vitellogenesis and egg production
continued unimpaired with normal egg development. All three Dnmt RNAi
treatments resulted in animals producing high levels of hemoglobin giving them a
pink coloring. B) Photographs of surviving Tro-3 animals from the GFP plasmid
vector treatment. Animals appear almost completely translucent, gut coloring is either
dark yellow brown or clear indicating inconsistent, minimal filtering or a complete
halt to filter feeding. Despite reaching maturation at the start of experiment, no
offspring were produced and vitellogenesis was not observed during the 10-day
feeding regime.
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Figure 4.3 Plot showing the effects of each treatment on survivorship (lx) for both
clones, Morg-5 and Tro-3. Treatment identification is as follows: Algae (green),
Empty Vector (grey), L4440 with GFP (turquoise), and each DNA methyltransferase
RNAi treatment 1 (blue), 2 (yellow), and 3 (purple). Tro-3 animals treated with the
GFP plasmid vector are show in black. The was no significant effect of treatment on
survivorship observed for the Morg-5 clone (𝜒2 = 0.366, p = 0.996, df = 5). Tro-3 GFP
survivorship was significantly reduced (𝜒2 = 14.046, p < 0.029, df = 6).
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Figure 4.4 Boxplots of the number of offspring produced by the Morg-5 clone. Values
were standardized by dividing the total number of neonates produced each day by the
total number of surviving females. Treatment identification is as follows: Algae
(green), Empty Vector (grey), L4440 with GFP (turquoise), and each DNA
methyltransferase RNAi treatment 1 (blue), 2 (yellow), and 3 (purple). No significant
difference was detected between treatment (F5, 42 = 0.024, p = 0.997, df = 5). Tro-3
animals in the GFP plasmid vector did not producing offspring during the 10-day
bacterial feeding regime and is not included in the figure.
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Figure 4.5 Dnmt transcript levels are increased by presence of bacteria (EV, Dnmt 2
and 3) and dsRNA (GFP, Dnmt 1, 2, and 3). dsRNA (GFP) significantly increased
mRNA transcripts for all three methyltransferase genes. RNAi treatments significantly
reduced expression of their target gene compared to GFP but remained higher than the
Algae control. Expression of nontarget methyltransferase genes was also reduced in
each RNAi treatment. A) Normalized relative gene expression of all three DNA
methyltransferase genes from each treatment for the Morg-5 clone. B) Subset of gene
expression, grouped by gene. Note, D1 refers to D1RNAi. Names were abbreviated to
conserve space.
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Table 4.1 Dnmt1 Dunn’s Test Multiple Comparison
Kruskal-Wallis: 𝜒2 = 28.99, df = 5, p < 0.0001

Algae
D1RNAi

D1RNAi

D2RNAi

D3RNAi

EV

-2.334
0.042

D2RNAi

D3RNAi

EV

GFP

-2.453

-0.119

0.053

0.905

-3.089

-0.745

-0.636

0.01

0.563

0.562

-0.634

1.698

1.817

2.453

0.606

0.134

0.115

0.043

-4.717

-2.383

-2.264

-1.628

-4.081

0.000

0.043

0.044

0.141

0.000

Dunn’s pairwise z statistic and p-value, significant p-values are in bold
Alpha = 0.05
Method = Benjamini – Hochberg
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Table 4.2 Dnmt2 Dunn’s Test Multiple Comparison
Kruskal-Wallis: 𝜒2 = 23.27, df = 5, p < 0.0002

Algae
D1RNAi

D1RNAi

D2RNAi

D3RNAi

EV

-4.004
0.000

D2RNAi

D3RNAi

EV

GFP

-2.516

1.489

0.035

0.256

-3.012

0.992

-0.496

0.013

0.438

0.775

-2.600

1.405

-0.084

0.412

0.035

0.267

0.933

0.785

-4.283

-0.280

-1.768

-1.272

-1.684

0.000

0.836

0.193

0.305

0.197

Dunn’s pairwise z statistic and p-value, significant p-values are in bold
Alpha = 0.05
Method = Benjamini – Hochberg
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Table 4.3 Dnmt3 Dunn’s Test Multiple Comparison
Kruskal-Wallis: 𝜒2 = 34.77, df = 5, p < 0.0001

Algae
D1RNAi

D1RNAi

D2RNAi

D3RNAi

EV

-2.921
0.011

D2RNAi

D3RNAi

EV

GFP

-2.348

0.573

0.035

0.708

-2.719

0.203

-0.370

0.014

0.839

0.821

-2.055

0.867

0.294

0.664

0.067

0.579

0.824

0.691

-5.787

-2.865

-3.439

-3.068

-3.732

0.000

0.010

0.003

0.008

0.001

Dunn’s pairwise z statistic and p-value, significant p-values are in bold
Alpha = 0.05
Method = Benjamini – Hochberg
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APPENDIX A
SUPPLEMENTARY INFORMATION FOR CHAPTER 2

Primer validation and sequences
The BLAST tool (nucleotide and protein) was used to search the assembled Daphnia
pulex genome (https://mycocosm.jgi.doe.gov/Dappu1/Dappu1.home.html) for DNA
methyaltransferase genes homologous to Dnmt1, 2, and 3 found within Daphnia magna,
Homo sapiens, Mus musculus, Apis meliferna, Drosophila melanogaster, Vespa
mandarina, and Vespula germanica. Primers were designed with IDTDNA’s
PrimerQuest and then synthesized by IDTDNA (Coralville, Iowa, USA). Primer
sequences for each gene were aligned to the D. pulex genome to ensure target specificity.
PCR products for each gene were sequenced confirming each primer set amplified the
gene of interest.
Dnmt1 qPCR Primer Set
F: AGCCTGTGTGGAACGATAAC
R: CCATCGAAGCCACTGATGAA
Dnmt2 qPCR Primer Set
F: GACCAATCAACAAGCAAGGAA
R: GGCAAGGTGGACTCATCATTA
Dnmt3 qPCR Primer Set
F: CTTTGCCTTCCTGAACCAAATC
R: CGTGACGCATATACAGCTAGAG
B-actin Reference Gene
F: GATTGATGATGGGTTTTCCTTCTC
R: TGGCATGAAGATAGATTTGGGTATT
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Figure A.1 Box plots of the effects of diet and maternal diet on the day of clutch release
for the Tro-3 clone, both generations. Green boxes denote a high food diet, gray boxes a
low food. Data were collected within an 8-12 hour window starting on day 5. For G1, the
first letter denotes the maternal food level, the second the offspring food level.
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Figure A.2 Box plots of the effects of diet and maternal diet on the day of clutch
release for the Morg-5 clone, both generations. Green boxes denote a high food diet,
gray boxes a low food. Data were collected within an 8-12 hour window starting on
day 5. For G1, the first letter denotes the maternal food level, the second the offspring
food level
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Figure A.3 Box plots on the effects of diet and maternal diet on the number of
offspring produced in each of the first three clutches for Tro-3. Green boxes denote a
high food diet, gray boxes a low food. Data collected within an 8–12-hour window
starting on day 5. For G1, the first letter denotes the maternal food level, the second
the offspring food level.

117

Number of Neonates

Morg−5 G0 Clutch 1

Morg−5 G0 Clutch 2

20

20

20

15

15

15

10

10

10

5

5

5

0

0
H

0

L

H

Morg−5 G1 Clutch 1

Number of Neonates

Morg−5 G0 Clutch 3

L

HH

Morg−5 G1 Clutch 2

Morg−5 G1 Clutch 3

20

20

20

15

15

15

10

10

10

5

5

5

0

0
HH

LH

HL

LL

LH

0
HH

LH

Food Level

HL
HF

LL

HH

LH

HL

LL

LF

Figure A.4 Box plots on the effects of diet and maternal diet on the number of
offspring produced in each of the first three clutches for Morg-5. Green boxes denote
a high food diet, gray boxes a low food. Data collected within an 8–12-hour window
starting on day 5. For G1, the first letter denotes the maternal food level, the second
the offspring food level.
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